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ABSTRACT 

Project l.ld of Operation UPSHOT-KNOTHOLE »CMured dynaalc pres- 
sures in the shock vmve and preshock pressures. It also conducted a 
feasibility study of nev and modified ga^es to aeasure ctynsmic pres- 
sure, density, temperature, and particle velocity. 

Keaäured dynaaic pressures can be conpared vitb those calculated 
from the aeasured overpressures using the Ranklne-Hugonlot .ihock rela- 
tions and regular reflection theory. Vben no precursor is fomed, 
aeasured dynamic pressures are in reasonable agreeaent vith tltose cal- 
culated although sen» effects of theraal and mechanical intei action are 
noted« Dynamic pressures measured in the precursor are much higher 
than those calculated. Laboratozy tests have indicated that the end 
instnaent used does respond to dust as veil as to air, and toe quan- 
tity aeasured by these gages Is apparently (i P u2)^. ♦ (P«2)dust 
when dust is present in the shock wave, as is true in the precursor. 

Miasurements have shown a fev instances of real but OHLU pre- 
ehork increases in air pressure, all apparently caurnsd by thermal 
radiation alone. 

Kesults of the gage feasibility study indicate that ths q-tube 
(dynamic pressure) and the centripetal density g*g* are suitable for 
use on full-scale nuclear tests. Both the nodifUd sonic vind and 
sound speed indicator and the whistle temperature gage must be sub- 
jected to further modification before they are suitable for field use. 
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FOREWORD 

This report !• ons  of the reports presenting the results of the 
78 projects participating in the Military Effects Tests Ftogroi of 
Operation UPSHOT-KIOTrOLE, vblch included II test detonations. Ibr 
readers interested in other pertinent test infomation, reference is 
Bade to WT-762, Strma-y Report of the Technical Directorj Kllitazy 
Sffects Program. This suBoazy report includes the fcHovlnc infc 
tion of possible general interest. 

a. An over-ail description of each detonation, Inrludlng 
yield, height of burst, ground zero Iccatioo, tlaa of 
detonation, mbient ataospherlc conditions at detooa* 
tion, etc.. Vor the U shots. 

h. Ccspilation and correlation of all project result« on 
the basic »asupcaents of blast and shock, thamal 
radiation, and nuclear radiation. 

c. CoBpilation and correlation of the rarious project 
results on weapons effects. 

d. A sianazy of each project. Including objectives and 
result«. 

e. A ccaplete listing of all reports covering the NllltazT 
Effects Tests Progrflt. 
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SECRET 

CHAPTER 1 

DTOMIC PRSSSURE 

1.1 OBjgCTIVS 

This phase of Project l.ld of Operation UPSHOT-KNOTHOLE was äjs~ 
siefned to measure exr^rimentaily, near ground level, the dynamic pres- 
sures associated with blast waves froa nuclear explosions. At the re- 
quest of the conducting agencies special measureaents of dynamic pres- 
sure \rere also aade in conjunction vith studies of the effects of blast 
on bridge structures (Project 3.^) snd tree stands (project 3.19)- 

Past practice in fonsulatlng blast damage criteria has been to as- 
sociate damage to targets vith a specific overpressure level,i/ It 
must be recognized, however, that daoage to vind-scnsitlve targets suca 
as towers, bridges, and trees is almost entirely a function of dynamic 
pressure level and that dynamic pressure mny also play a significant 
role in damage to targets normally thought of as overpressure-sensi- 
tive. The validity of using overpressure alone as a damage criterion, 
especially for wind-sensitive targets, depends upon the existence of a 
unique relation between overpressure and dynamic pressure in the region 
of interest. For a single shock wave the Rankine-Hugoaiot shock rela- 
tions^/ shew that a unique relation does exist. For shock waves re- 
flected from plane surfaces this relation is no longer cue between 
overpressure and dynamic pressure alone, but is also a function of the 
angle of incidence of the shock wave. 

1.2 THECHY AND 3AC1OT0UND 

1.2.1 Theory 

The Rankine-Rugoniot shock relations permit us to write, for 
shocks in air, 

,.^„2.2.5^ ,2 (1.1) 

where q is dynamic pressure, P is air density, u is air velocity, P is 
ambient pressure, and AP is overpressure. Either of two basic assump- 
tions regarding the behavior of a shock wave aay be used to derive the 
conservation equutlq^a^f.jaass, momentui, and energy which are -used to equAtiajs-^T^BMS, 

t* 
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xL'rlvr? tie Pai^ine-irurfoniot ahock relAtions.    Couraiit and Priedrlch«^ 
IJAVO boaeOl their derivation on the aaaianptlon that the ghock front it a 
nAthcnatlcal diacontlnulty, while Peimey and Plkej/ luive aaaiaaad that 
atea^iy-atate rlaw obtain within t^ ahock wave,    Thua wo may conaider 
tae I>anklne-HU*?onlot relationa aa valid for ateady-atate flow evan 
though the ahock front lias a finite thlckneaa.    Another oathod of 
treating tlio problea for ahock wavea having rounded fronta la to con- 
alder thea aa caqpreaaivs wavea,  le, caaea of laentropic flow. 
Cl^ndraaektMrV haa ahown that even when AP/P    la aa large aa W), the 
partlcie velocity calculated ualn« tlvß laentrSplc equatlona la only 
l.U per cent leaa than that calculated fron the ahock reiatlona, vhlla 
the denalty la only 3.8 per cent leaa.    It would therefore be expected 
r:-at the Ranklne-iru^onlot relation and Sq 1.1 would be a good approxi* 
nation when applied to the peak valuea even though the ahock had a 
rounded waveform. 

Since the ahock wave in the region of Mach reflection it a aiagle 
ahock wave, Sq 1.1 would be expected to apply.    In the region of re- 
gular reflection, on the other hand, thla equation auat be aodifled to 
take Into acco\u\t the effect of cji^le of incidence of the ahock wm 
with tb^ ^flactlryj ground aurface.    Tha theory of regular reflec« 
tlon 1L^/  lapoaea upon ti« Rankine-RUgoniot reiatlona tha boundary con- 
cUtlona that tha caoponenta of particle velocity nonaal to the reflect- 
ing plane are equal and oppoaite for the incident and reflected ahock 
v*vea and that the Interaectlon of the two wavea ataya on the ground. 
Thua the strength of tha incident wave*, { ■ P/P, - P0/(P   ♦ AP)# •»* 
the an^le, a, between the Incident ahock front ana the reffecting plane 
are a\if fie lent to determine the angle of reflection, a1, and tha 
atrength of the reflected ahock wave, (• • Pp/P,»    Polachak and Seeger 
preaent grapha (their Figa. U.b and %b) of a1 and (* aa functlona of 
a and ( •    The dynamic preaaure in thla inatance ia 

q - i P • (u* ain a1 ♦ u iln a)<^ (1.2) 

When we insert into thla equation the reiatlona for the dependence of 
denalty and velocity on the two ahock atren^tha, 

K^-^/^S^ ̂T ain a 

*       ^  * 1    - aln a* 
SW' ♦ 6) h (1.3) 

( aa defined here and uaed ^ Bq i.J ia that uaed by Polachek and 
Seeger, and ia the recipnxal of that ueed elaevhere In thla report. 
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Thij r   on and Figs, k.h and 5.b of Po-^chek and Seeger provide 
a straightf •. d means of calculating q In t'ie region of regular re- 
flection, EacperlnentaLly oeasured q's nay then be conpored vlth q's 
calculated fron the measured incident overpressures and from the angle» 
of incidence cenputed fron the relative positions of the burst point 
and the gage. Such a cenparisoe vill be not simply a check on the 
validity of the Ranklne-Hugoniot relations but vl.U be indicative of 
the caabined effect» upon the reflection process of such factor» a» 
thermal gradients, dust, nonrlgldlty of the reflecting surface, and the 
characterintic decaying nature of the shock wave Itself. 

Theoretical values for various parameters of the »hock front can 
be cooputed frcn the Ranklne-Hugoniot shock relations; conditions at 
the shock front nay then be used as initial conditions to calculate 
these parameters for the portion of the wave belilnd the front froo the 
equations for isentroplc flov. Porzelä has given these theoretical 
values of overpressure, dynamic pressure, particle velocity, and den- 
sity, both at the shock fron« and behind it, for the expansion of a 
blast wave into free air, that is, into a bonogeneou» atmosphere coa- 
talnlng no perturbing influence». Because of the complicated interac- 
tions Inherent in the reflection process, theoretical value» for tVjese 
parameters have not been calculated throughout the shock wave in the 
region» of regular and Mach reflection. All experimental measurement* 
presented here were made near the ground and therefore in the region» 
of regular or Mach reflection. Consequently any CGBparison of Beaaior.d 
and theoretical dynamic pressures must be limited to peak value». 

Forsel also presents theoretical height-of-burst chart» for over- 
pressures and dynamic pressure» at the »bock front; that for dynamic 
pressure is presented a» Fig. l.l. The horizontal ccoponent of tynanic 
pre8»ure, after reflection in the regular reflection region, 1» given 
here. We can see frcn this figure that regular reflection lead» to re* 
duction of dynamic pressure» an »mall ground di»taace» from ground zero 
for alrburst»; therefore choo»lng a height of bur»t to maximize the 
radius of a given dynamic preaaure level will result in an inner circle 
in which dynamic pre»»ure» are »mailer than de»lred. Thi» circle may, 
In fact, be quite large. 

Ibmatlon of a precursor »hock wave can nave a decided influence 
on dynamic pressure» in both the regular and Mach reflection region». 
While there 1» general agreeaentöiZuiS/ regarding the phencnenon lead* 
lag to precuraor formation, ie, a heated layer of air near the earth1» 
surface, the theoretical description of it» effect on dynamic pre»»ure 
1» Inconplete. In hi» discussion of the dynamic pressure height-of- 
burst chart Porzel aaaerta that "Theoretical consideration» indicate 
that to a fair approximation, the height-of-burst curve» for dynamic 
pressures are applicable to all type» of »urfaces*. A theoretical and 
experimental luve»tigation of the problem by J. R. Banister and the 
author (App D, E) ha» shown that measured dynamic pressure» are af- 
fected by the presence of large quantities of »u»pended dust. 

1-2.2 Earlier Bcperlaental Meaaureasnt» 

Dynsnic preaaure mea»ureaent» oo Operation HKMJSR-ÄNAPPHFlÜ^ 
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and IVyiS/ using the pitot-statlc gage (Section 1.3) gave ." * valid ex- 
periaental values covering an overpressure range cf 1-20 psi. When 
these measured dynamic pressures vere coopored with those calculated 
froa the corresponding aeasured overpressures, no systematic trend of 
differences as a function of overpressure cculd be found; 9 vere 
greater and 5 smaller than those calculated from the overpressures, de- 
viations ranging from -?5 to +35 per cent. The algebraic mean devia- 
tion was +3 per cent, and the RMS deviation 17 per cent. This alge- 
braic mean deviation is not significant because of the small number of 
values and the vide spread in deviations. The logaritlmlc derivative 
of Sq 1.1, 

shovs that the fractional error in q approaches tvice the fractional 
error in AP as AP approaches xero. For AP/P0 ■ 1# dq/q « 1.075 dAP/aP, 
and errors of 10 per cent in AP correspond to errors of the order of 20 
per cent in q. 

1.3 ESTOlHEfTATIOW 

1.3.1 The Pitot-Static Gage 

Tils gage (Fig. 1.2] vaa selected as the instnaeot for dynamic 
pressure Measurements on the basis of feasibility tcstsü/ conducted 
during Operation TIMBLBI-&UPFER. Essentially it is a doubls-ended 
pitot-static tube on a mounting stem. It contains a f**v>nt and a rear 
differential 0age, each connected betveen a pitot opening at the end of 
the tube and a static pressure opening on the side of the tube six 
Inches froa the end. Ideally, for flov along the axis of the pitot 
tube, the differential gage responds to the difference in pressure,üÜ' 

qc - Pt - Pg - q (1 ♦ 0.25 tf2 ♦ 0.025 M ♦ ...) 

vhere P « total or stagnation pressure 
P - free-stream static pressure 
M • local Nach number of flov • velocity of air divided ty local 

speed of sound. 

For this series of measurements only the front differential gage vas 
used, and no attempt vas made to measure dynamic pressures in the neg- 
ative phase. A pge vhich reads static pressure alone is also connected 
to the static pressure orifices. 

Actual pressures at the total and static pressure inlets arc de- 
pendent upon the angle between the direction of flov and the axis of 
the tube as veil as upon the Mach nuaber of the air flov in more vaya 
than the above formula suggeats. Although the pi tot-static sage bad 
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teen calibrated in previous -./ind-tuunel testa,ü/ It was recalibrated 
under more ^3118^ conditions -- a larger rans« of Mach nunber and 
oi' yav and pitch ar^loö. Yaw aiv;le (♦) is defined here as the angle in 
the plane normal to ti;e nountirvj stem between the wind direction and 
axis of the pitot-static tv.be (Kig. 1.3); pitch angle (fl) is the cor- 
responding angle in the plane of tlvs mounting stem and the pitot-static 
tube (?ig, 1.4), The relations between actual measured differential 
pressure, q^,  and q. as well as between measured static pressure, Pn., 
and fret'Streaa static pressure, Pa, are presented in Figs. 1.3, l.K, 
and i.5 as functions of \,C ,  and Mach nunber. Calibration covered ^'s 
ranging froo -30° to +30°,^ 's ranging frou -45° to ^3°»  &n<i M«Cä n«- 
bcrs of 0.1 to 0.9. Asymetry of the resultin.^ cur\es is largely 
traceable to the design of the static-pressure orifices, which can be 
improved by redesign. Calibration is accurate to within 1 per cent. 

1.3.2 Yawtseters 

Yawactersü/ were used to detemine c. direction of the bloat 
winds. In this yawmeter pressure orifices at the end points of two 
orthogonal radii of a sphere are connected to a differential pressure 
gage whose record is calibrated to provide a measure of wind direction. 

1.3.3 ^ower Accelercneters 

Wioncko accelerooeterslV were used to measure radial accelera- 
tion of the towers to which the gages were mounted so that the behavior 
of the gages could be evaluated. The acceleraaeters were placed at the 
10-ft level in regions where overpressures were expected to be high* 

l*lA   The Recording gyte» 

To record the data, electrical signals frcm the gages were fed 
through individual information cables to a Consolidated Recording 
Systas D in an underground shelter; the Consolidated galvanometer re- 
carders were hacked up in parallel by A^pex magnetic tape recorders 
(Model S-312Ö). A detailed description of this recording system is 
presented in the Sandia Corporation operational report on UFSROI- 
JCIOTHQLE.i^/ 

l*k    JCPSRDffigfTAL DfiSICn 

X.k.1   Gage Coding System 

Tbm coding ^rstea used to identify gages at various locations 
«as similar to that used tor other agencies. The first two digits de- 
signated the station mnber, the letter or letters tha type of M* 
(App A), and the last one or two dibits the height above grouad. far 
exm^Oe, OÖTÖ was the front differential elsnsnt of the pitot-static 
gage at Station f-200, which was mounted d feet above ground. 
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1,U.2   Shot 1 

Shot 1 vat a tow«r burst (jOO ft) of • 16.2-KT weapon.    Since in 
this series of oeasureaents t^iere vas particular interest In aeasuzlng 
viyriaalc pressiures at hi^ier overpressure levels than oa previous opera- 
tions, pltot-stati-: gatfos vere installed at predicted overpressure 
levels of ^0 and ^ psi  (SUtions 3-2Ä and i-26^)(Fig. l.r) to deter- 
nino the naxia'.a overpressures that could be withstood by the instru- 
sent.    Hesultl.x ^Uta could, of course, be coopared with those obtained 
r^ron later aensureaents on Shots 9 and 10. 

-Vl 
\ 

\ 

* * 

n*. 1.6 — Pltot-fttatlc Omge Moustad on lO-ft 
Tbwvr at Station 3-26»i on SJ»t 1 

A tower acccltroBetar vts . runted at Station }~26k to aaaaurs 
radial acceleration of tbe tower a    the predicted overpreesure Irral of 
ko pal. 
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A third pltot-it*tlc ga^o vaa In»tailed at th« 10-p«l ovarpratiurt 
level (Station 3-209) on this ehot to that data recorded ty It could be 
correlated vlth those froi a group of experimeotal gagee belog evalu- 
ated under another phaac of this project (Ch 3). 

1.U.3 Shot 9 

Shot 9 wi an airburtt having an intended yield of 30 XT and a 
height of burst (2420 ft) scaled frca that for TTKBLER Shot 1. Since 
no precursor was expected to form, it was anticipated that ■saaursaenta 
aade on this shot vould serve as an experlaental check on Eqs 1.1 and 
1.3 under the conditions of ideal shock waves. 

The layout of the blast line is illustrated in Pig. U79 and per- 
tinent details of the instruaentation are presented in Itbles 1*3 and 
l.U. accept for that at Intended ground zero, which was aouated to 
aeasure vertical flow (Fig. 1.6), all pitot-static gag«s were aouoted 
to respond to horlsontal flow. At stations along the aaia blaat line 
the gages were aounted at elevations of 10 feet (fig. 1.9)* 

At the request of Project 3.U (bridge structures) pitot-statio 
gages were also placed at the 25- and Uo-ft levels at Station F-ft» to 
provide aeasureaiota of dynamic pressure aa a function of height above 
ground. And at the request of Project 3.19 geges were installed at the 
10- and 35-ft lerels at Station P-265 on the blaat line an! at f^eor- 
respooding ground range at the 10-, 35-, snd 60-ft levels (Station 
P^d6) in the tree stand (Pig. 1.10). 

Tawaetere installed on this shot were aounted to asaaups the ver- 
tical coaponent of vlnd direction in the region of regular reflection 
to verify the assuaptioo that flow behind the refleeteA sbock «awe ac- 
tually waa borisootal. Burtinent details of their positions are given 
in Able 1.6. 

Acceleroaeters were inrtalled at Station P-ÄÖ0 on the goal poet 
and at Station P-216 on the 50-ft tower to determine vhsthsr accelera- 
tions were large enough to affect the pressure gagee significantly. 

l.U.U Shot 10 

The intended yield (15 KT) and height of burst (500 ft) for this 
shot were such that a precursor was expected to fora. fioeept for 
•everal minor changes the gage layout waa eaaer.tially the aaae aa for 
Shot 9 (Ttblee 1.5 and 1.6}, Station r~2Xk at ground aero waa raaoted, 
and an «dditiooal pitot-etatic fM* *** aounted at the fcO-ft level at 
Station P-217. Station P-266 in the tree staai was instraaented with a 
q-tube (Ch 3) for this shot, it being felt '* this time that this ia- 
struaent would be more accurate for recording the low frnsatc preaaurea 
anticipated here. 

XaMMtere for this ahot (table 1.8) were oriented to asasiae tte 
angle in the horiiootal plane between Ua direction of the ahock wlaCa 
and the blaat line to deteraine wtosthar eroaa flew in the pracaraa 
significant. 

Both the tower accelaroaetera (Tihle 1.9) used to aaaaure radial 
accelaiatioa oa Shot 9 ««re reactivated for ahot 10. 
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rig. 1.8 — Pltot-ötatlc Ow at 
Station ?~21h (inUndid ground 
xero), Mounted to Meaaure Vertical 
riov 

n«. 1.9 — Pltot-ötatlc O^a at the 
10-ft L»veJ at Station P-260. Xiao 
Sbovn are the lawaeter (top) and tba 
Reeittance Toaperature Qage (bottoa) 
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Fig. 1.10 — Preshot View (looking toward intended 
ground zero) of Pi tot-Static Gages at 
the 10-, 35-, and bO-ft Levels in the 
Tree Stand for Shot 9 

1.U.5 Shot 11 

Instnnent towers had been blown down in the region where the 
precursor existed on Shots 1 and 10, apparently because of large dynam- 
ic pressures in the precursor reglor. Hurried plans were therefore 
aade to install a single pi tot-static gage on Shot 11. This gage was 
loaned to the Stanford Research Institute, the instrumenting agency for 
the blast line, who installed, calibrated, and recorded the information 
from this gage. Its location and otter pertinent details of its in- 
stallation are presented in Able 1.7. 

1.5 RSSULTS AND DISCUSSIOW 

1.5.1 Presentation of Results 

Data from the pitot-etatlc gage are listed in tables 1.1 and 1.2 
for Shot 1, in Tables 1.3 and l.k for Shot 9> in Tables 1.5 and 1.6 for 
Shot 10, and in Table 1.7 for Shot 11. Data from the yawmeters and 
tower accjlerometers are presented In Tables l.d and 1.9* Jfce usuajl. . 
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significant infoimtion on arrival ttaaet, peak pretturet, poaltive and 
negative pbaae duratlcm, and detaila of gage location« la tabulated. 
All symbol« and abbrevlatlona are defined in Appea; - A; yield*, burst 
points, and ahot conditions are tabulated in Appendix B; and tracings 
of ivhe records fros individual gages are presented In Appendix C. 

As might be expected, the type of reflection region in vhicb taey 
are recorded &ud effects of localised tbssml or mechanical interac- 
tions ingarts certain characteristic features to tike overpressure* and 
Uycaoic pressure-time vavefozms observed at various locations. Sams of 
these characteristic waveforms are Illustrated in Fig. 1.11, types A-F 
representing dynamic pressure-tine waveforms and types A'-F* the cor- 
responding overpressure-time waveforms. Those observed near the ground 
when no precursor has formed are typified ty A-D and A'-O'. In the re« 
jlon of regular reflection ideal waveforms will be like those of A and 
A', while B and B1 show the effects of localized disturbances 1900 the 
initial portions of these sac» shock waves, types C-C1 and D-D* are 
exemplary waveforms for the region of Nach reriection under analogous 
conditions. Ifce two-step rise in the region of regular reflection in- 
dicates that the incident and reflected shock waves arrived at the Me 
at different times; in the region of H»ch reflection, of course, only a 
single wave is recorded so long as the Mach stem is higher than the 
height of the gage rff the ground, types I and E* are highly stylised 
represer tions of waveforms observed in the precursor shock wave; 
while tik rounded fronts and erratic fluctuations behind the front are 
generally characteristic, they vary considerably in actual measured 
waveforms, types F and Fr, while observed in the precursor shock wave 
on Shot 1, were actually measured at a ground distance such that the 
precursor had virtually died out. Although identical in shape to A and 
A*, they are a manifestation of an entirely different phenomenon, as Is 
indicated ty the fact that the seme type wavefone «as observed ty the 
ground baffle pges as by the MSS above ground. 

1.5.2 Ihrnsmic Fressures in the Hegular and Haeh Reflection Regfr 
(Wo PrecursorJ 

Most of the measurements of dynamic preesurs that ware unaf- 
fected ty precursor formation ware made on Shot 9; only three vex« 
on Shot 10. Before discussing the significance of the'-* Measured 
values, however, the following observations should be made. 

1. It will be noted ;hat la wavefoxms of types A and C the record 
does not decay to tero. Because the front differential gage of the 
pitot tube is much less sensitive in the neoetive than in the positive 
direction, and because marlmiai ifrnamic preeeuree in the negative phase 
are much Mailer than in the poeltlve ptase, we would expect aiqr signal 
from the gage during the negrtive phase to be so small as to be hardly 
detectlble. 99 deteneine why tne signals «ere actually poeltlve, the 
gate «as tested in fbe laboratory by applying a prwesure pulse which 
decayed to aero in appmrlmately two eeeoods. Thsse tests revealed 
short-time "lystcresls* of variable magiltule which was attributed 
principally to the grease fr^plag used la tte Vlaacko fege. It is 
therefore concluded UmV £he end of the positive phase of dynemic 
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prettur« should be taken to be the end of the period of rapid decay aa 
illuetrated in the vavefoma of Typei A and C; aod the tabulated dura- 
tioxui on Shots I, 9,  and 10 have been read in thie fashion. 

2. On Shot 9 the yavaeters in the region of regular reflection 
shoved flow to be horisoutal after arriral of the reflected vare. 
Records frcsi the yavneters at Stations F-260 asd F-2Ö2 did indicate, 
hovever, that flov was apparently not horizontal until 20 and kO «sec 
after arriral of the reflected shock vave. Subsequent calibration of 
these two gages revealed that the slov decay of these signals vas 
caused by obstructions in the pressure inlets to the gage. Ihus the 
apparent aonhoriiootal flov vas not real but the result of a spurious 
response of the gage. 

3. Tover accelerations measured in the regular reflection region 
on Shot 9 were so snail aj to have little effect on gaga perfoimnce. 

if. Usvefonu for Shot 9 (Figs. C.2 through C.5) give evidence of 
a general rounding of the shock fronts and ixregularities of the vave- 
fom during the first fev milliseconds after arrival at the gage. This 
behavior is more pronounced for the reflected vave In the region of 
regular reflection, but the over-all effect becsne less pronounced at 
increasing ground distances vlth tvo exceptions. One of these van at 
Station y-266 in the tree stand and the other at Station 7-265 
(Fig. C.Jb), vhich had a road intersection in front of it. It is be- 
ll- ved that the 6-12-In. layer of fine loose dust in front of the lat- 
ter station may have contributed to the irregularity of the initial 
portion of the shock at this station. Because of this general rounding 
of the shock fronts, tv t times after arrival at vhich mutimm TOMUT*'' 
vere recorded are also tabulated. 

these observations should be kept In mind In the follovlng 
isoa of measured dynamic presaures vlth those calculated from the 
ured overpressures. In the regular reflection region the horisoatal 
compoment of q after reflection is calculated la accordance vlth 
Section 1.2.1. Orerpreasures used for these calculations vere obtained 
by averaging those measured by Projects l.la3&L±y and l.lb±£r vlth 
those measured by the pitot-static gage. These measured and ^»Iml^tM 
values of dynamic pressure as veil as fractional deviations of the 
measured from the calculated values are presented in Table 1.10. The 
algebraic mean of all deviations is 4.4 per cent, the measured dynamic 
pressures averaging greater. 

Xn the region of Nach reflection, 7 of the 10 measured values de- 
viated in the poeitlve direction, the mean deviation for this region 
being *B.k per cent. With a single exception all records from this re- 
gion manifested rounded. Irregular vaveforms. four of theee records 
vere taken at Station F-2d5, where duet 1 «lading was anticipated, and 
three vere taken at Station F-266 in the tree etaad. Dynamic preaeurea 
meaaued on previous experimental operations had beam found to he in 
good agreement vlth those calculated from the msasmimd overpreeenree 
(Section 1.2.2), bat it ahould be pointed out, too, that tnoae recofdad 
preeanre-tlme vmvefonss vere Type C waveforms. It vould seem probable, 
then, on the basis of this experimental evidence, that if itjrnsmtr pree- 
sures are measured In the Nach region under eoaditlome euch that ths 
wavefoanas are rounded by mechanical Interaction so that they more 
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nearly approach tnose characterized ty type D, they nay be saaevhat 
higher than those calculated from the corresponding measured overpres- 
sures. A possible explanation for this observed increase in dynamic 
pressure may be found in the response of the pitot-static ßßge  to dust- 
loading of the air (App D). Apparently the gage registers the dynamic 
pressure of the dust, and as (ou2)du8t rather than as (iou^^uaf 

In the region of regvOar reflection, on the other hand, only two 
out oi* five measured dynamic prsssures vere greater than . lose calcu- 
lated, the mean deviation being -3.3 per cent. Again the waveforms ex- 
hibited the rounded fronts and irregularities characteristic of thermal 
and mechanical interaction near the ground. But the deviation it so 
small that it is probably not significant, and we may assume that other 
factors in the reflection process acting to reduce the dynamic pressure 
counteract aiQr tendency toward increased dynamic pressures that results 
;YCB dust loading. One such factor is the variation of incident over- 
pressure with height above the ground that causes reflected pressures 
to be less than ideal as based on the incident pressures at 10 feet. 

Figure 1.12 is a graphic cenparison of measured and calculated 
dynamic pressurec for Shot 9 upon which is superimposed a curve of dy- 
namic pressure derived from Porzel's theoretical dynamic pressure 
height-of-burst chart (Pig. 1.1). The break in the curve drawn through 
the tynamic pressures calculated from measured overpressures, which is 
more or less corroborated ty the experimentally measured values, il- 
lustrates vividly the importance of gage height alove ground in the re« 
gion where the Mach stem is only a few feet high. For exaaple, at a 
ground distance of 2l60 feet the Nach stem was 9 t—t high/ aai tl» dy- 
namic pressure measured at the 10-ft level, while lower than tLrl cal- 
culated from the overpressure in the Mach stem, vas considerably higher 
than those measured at the 25- and Uo-ft levels* The theoretical curve 
of q ve distance (Ponel) differs considerably frcm that for maasured 
or calculated q/s; these differences might be anticipated, however, 
since this curve is based upon ideal overpressures and dynamic pres- 
sures at ground level so that in it the regions of regular ar4 Mach re- 
flection were Joined in a smooth curve. As experimental measurements 
have shown, actual dynamic pressures in the transition region arc quits 
sensitive to the hslght above ground at which msasur«vU at-a takan. 

1.5.3 Qynamic Pressures in the Precursor Rsglca 

Before discussing the significance of the experimentally 
ured dynamic pressures in the precursor region we wish to MUihsstis ex- 
isting uncertainties to which these data are subject: 

1. On Shots 1 and 10 the set ranges of ths gages in the precursor 
region were much «aller than the signals received; consaquently the 
response of the recording erstes was nonlinear. For the Consolldated 
system used, the ^Ivaaometer deflection is asyiQrtotic to apjroadmately 
twice the deflection used for set range, reaching this saturation value 
for an input about four times that corresponding to the eet range. 
Jalibrations of the recording system subsequent to the operation ware 
used to correct for thi« nomlinearity. Thus ths iljiiamli treasures 
listad are the mlniSMS values consistent with these calibeatic 
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Hovever, records fron three gages, 82F13, 17F10, and 17F40 (Flg. C.U), 
used on Shot 10 Indicated that either the gages or the recording rys- 
teo were completely saturated; therefore the values of dynamic pressure 
for these gages (Table 1.5) have been presented simply as greater than 
the saturation values obtained froc the calibration records. 

2. The records were also corrected in accordance with the cali- 
bration curves presented as Figs. 1.3 and 1.4 by assuming that the 
angle between wind direction and the appropriate axis of the gage was 
that obtained frca the geometry of the actual burst point and that flaw 
was horizontal. Values of q were further corrected from ^ » ? pvr 
(1 + 0.25 ir ♦ 0.025^ > ...) to q « jPu2 by assuming the Mach manber 
to be that obtained frcm the overpressure, using the Ranklne-Hugonlot 
relation. Both corrections did not exceed a total of 15 per cent in 
the value of q in any Instance. 

Motion pictures of the precursor on Shot 10 show that initially 
the direction of flow was upward at an angle of kO0  - 60° and probably 
became horizontal sometime after the dust front had passed. The dust 
reached only a def nite height and the particles at the front moved 
horizontally as they reached this maxi mm height. Therefore the ini- 
tial values of dynamic pressure (as represented by q^ and <u of wave- 
form Type E, Fig. 1.11) should be corrected for this angle. An exact 
correction can not be made since the direction of flow is not known ac- 
curately; however, It is believed that auch a correction could not more 
than double the measured initial pressures (q. and q2 in Tables 1.1 and 
1.5). Sven if these initial pressures were doubled,^hey wouli still 
be le«3 than the values measured later (q^ and q^ In these same tables i 
which were measured after the dust front behind the precursor shock 
wave had arrived at the gage, at which time flow was probably hori- 
zontal. 

3. With the exception of the gage at Station 3-289 on Shot 1, 
which was at the very end of the precursor, all Instrument tower«! and 
gages in the precursor on Shots 1 and 10 were destroyed during passage 
of the shock wave. Postshot photographs of the gage from Station 3-235 
on Shot 1 (Fig. 1.13) and Station r-200 on Shot 10 (Fig. 1.14) ILLos- 
trate the complete destruction that took place. Comparison of the dy- 
namic pressure records from these gages with overpressure records frca 
the same locations and fron corresponding ground-baffle gages indi- 
cates that the gages probably operated long enough to record waxSmm 
pressures actually obtained In the blast wave. This conclusion cannot, 
of course, be stated as an absolute certainty. 

Since the towers and gages were b.iown away, the question arises as 
to what effect acceleration or changing orientation may have had oa the 
output of the gage. Previous testsiz/ of the Wianeko transducer indi- 
cated that ita acceleration sensitivity would be Less than 1 per cant 
of set range at accelerations of tna order of 50 g, aa were obaanrsd on 
Shot 1 (Table 1.9). Double integration of the raeord txtm this ae- 
celerometer (which was mounted on the same tower aa the pitot-static 
gage nearest ground aero) IMicates a displacaaont of only 6 liKbaa 
when the record frca the pitot-static gaga failed. On Shot 10 accelar- 
ometers war« mounted at the 10-ft It^al at Stations f-260 and *»Zl6, 
both of which war« nearer f round tero than Station f-gfe, «hare the 
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closest pitot-static gage vas installed. At the tine these acceler- 
ometers tailed the indicated displacements were only 6 inches and 3 
inches, respectively. Therefore the dynamic pressure records from 
gages that vere destroyed were probably not seriously affected by 
either acceleration or orientation. 

U. For convenience the differential pressures measured by the 
pitot-static gsges in the precursor region have been labeled q (dynamic 
pressure) in the tables and figures. Hovever, since q has been defined 
as \Q\I   only for a gas, and since these measurements vere made in the 
presence of considerable quantities of suspended dust, this label is 
misleading. 

Ii this nev experiment dust loaded into the shock vave caused the 
shock front to beccme rounded at the point of loading, but the front 
shocked up again as it traveled dovn the tube. A major result of these 
shock-tube tests is evidence that the Wiancko gage registers the dyna- 
mic pressure of dust particles, at least those 1-100 microns in diame- 
ter, as 10 (ju^, vhere u^ is the velocity of the dust particles and P> 
is dust density (le, the mass of dust per unit volume, not the density 
of the individual dust particles). This coefficient of one should de- 
pend somewhat upon dust density, particle size, and gage construction; 
however, this dependence appears to be fairly weak. 

Let us now examine the dynamic pressures measure! in the prec^.*- 
sor on Shots 1, 10, and 11 in the light of these observations. The 
waveforms (Figs. Cl, C.6, and C.7) show initial low c^ynamic pressuies, 
which, even if corrected for angle of incidence, are considerably lover 
than those recorded after arrival of the dust front behind the precur- 
sor shock vave; the same phenomenon vas observed in the shock tube. 
The corresponding overpressure records have rounded rises, the rounding 
being lees pronounced at greater heights above ground. This rounding 
can be attributed to dust loading and to rapid expansion of the precur- 
sor front near the ground; that there it a rapid expansion can be 
dedaced from photographs shoving that the inclined front is straight 
to within about five feet of the ground. 

Table 1.11 is a ccmparlscu of the wxiam q's measured in the 
precursor with those calculated fro« the overpressure as measured 
simtltanecusly by the pitot-static gage. On Shot 1 at the two closer 
stations vhere the precursor vas strongest the measured q'» w^re 
approximately 20 and 10 times those calculated; but at the farthest 
station, which vas near the point vhere the precursor vas dying out, 
measured and calculated q's vere in fcood agreement. On Shot 10 the 
measured q's vere about yk times those calculated except for one value 
7.5 times as great. On Shot 11 the maxlmus measured q vas about tvice 
that calculated, ami that in the initial step vas k times that ^alcu 
lated. 

Appenalx £ presents argunsnts indicating that measurrd q's in the 
dust-laden shocks of the strengths encountered h*re vould not be ex- 
pected to be more than 3-** times those calculated from the overprea- 
sures and suggests possible explanations for the few extr^ely high 
measured q's. 

In Fig. 1.15 the q's measured im the precursor are compared 
graphically.vith idealise^ ^drves derived from Portel's dynamic 



TABIÜ UU * Ccnparipan of Measured and Calculated Dynaalc 
Preeaure» In Precuraor Region 

G-'   .1 | i            <l 1      q 
Shot Out     i rt s*"            UP (calculated) (neaaured) 9k oea4> 

No. « nc L. ^ J fge-JJL 1         (pal) (pal) i   a calcd   1 
fmmjm m mm f 

1     1 \ Bkr.O  i    J?X    i ./VJ su 1    115 1      21         1 
1   eSF'O   !    l^)         JL3  ' i          ^1 hO 9.8 

89113    i     tv.iüÖ      !      k,r> 0.52 0.55 i,o6 
!        ! 9J? 2.38 2.20 0.925 

10 82F13 
1                         J 

i 1169 i ^0.0 18.U >57 3.1 
ITFIO 1**22 ' 26.U llul > 9.6 > 0.6U 
ITFUo 1U22 12.9 U.O >11.6 >2.3 
0QF10 1920 U.O 2.95 10.9 3.7 
OOF25 1920 12.1 3.55 11.6 3.3 
OCSfUQ 19C0 8.1 1.65 12.U 7.5 

u ur5 31*3$ 5.2U 0.7»* 3.0 U.0 
u.>   I 3*3       1 5.92 1.8    1 

preaaur« height-of*burat chart (Fig. 1.1). The aingle ■eaaureaent on 
Shot 11 and that at a ground range of 2600 feet on Shot 1 are in gooü 
agreeaoot with the theoretical curves. The tvo valuea for a groan\ 
range of 1^22 feet on Shot 10 were aeaaured under conditions such that 
the gage and/or recording ayatcm were ccaQletely aaturatcd, and al- 
though the aaaaured valuea are apparently low, ve know that the actual 
values were sonewhat higher. Other eiperUsentally aeasured q's all 
appear to be considerably higher than the theoretical values, however. 
Consequently, although it appeared initially that dynamic preaaurea 
■Msured la the precursor were appraciaatcd by the ideal curves,22f 
at present the over-all agreement between aeasured and ideal dynamic 
preaaurea does not seem as good. In the light of present knowledge 
that the gagea register dust as li>u2 rather than ^ou4" it would seem 
that any agreement between aeasured and ideal values is mere coinci- 
dence* Qm the basis of the discussion in Appendix S it is believed 
Umt dynmaie preaaurea aeasured are Influenced primarily tor relative 
air and dust densities and ty ised of energy to the material behind 
the precuraor front from higher-preaaure regions above the precuraor. 

1.5.1* Qfnsmic Preaaurea in Secondary Shocks 

While thia information about secondary shocks is not of primary 
importance to this study, it ia felt that it adds to the coapleteneaa 
of the discussion of data from this series of measurements. 

IA the overpreaaure records from Shot 9 a ccmpressioa wave pulse 
is seaa to move from the end toward the beginning of the negative 
phase as the shock wave progreeses. This poise appears as a positive 
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signal in the dynamic pressure records, Indicating that the vlnds 
actualXy reversed their direction and blev In the direction away from 
ground zero during this pulse. 

Overpressure records from Stations F-266 and F-265 on Shot 9 give 
evidence of a secondary shock near the end of the negative phase that 
does not appear In the dynamic pressure records; there Is a similar 
situation In the records from Stations F-206 and F-265 on Shot 10. 
Apparently In these Instances there vas no reversal of wind direction. 

1.6 CONCLUSIONS AND RECOMMENDATIONS 

Experimental evidence from this series of measurements on UPSHOT- 
KN0TH0I£ Indicates that when a precursor has not formed, measured 
dynamic pressures are In reasonable agreement with those calculated 
from the measured overpressures. When the shock front is disturbed 
and there Is seme dust in the shock vave, measured dynamic pressures 
in the region of Mach reflection are, on the average, abc t 6 per cent 
higher than those calculated from the overpressure; in the region of 
regular reflection dynamic pressures measured under the same conditions 
did not differ significantly from those calculated. These deviations 
are not to be Interpreted as correction factors, however, but merely 
as indications of the aaall extent to which measured dynamic pressures 
may differ from those calculated. Thus it would seem that when there 
is no precursor dynamic pressures are sufficiently well known for most 
practical purposes. 

Laboratory tests have Indicated that the pitot-static gage regis- 
ters dust in the shock wave as approximately lo^uj . Differential 
pressures measured in the precursor region are therefore believed to 
represent tne dynamic pressure of the air plus the 'dynamic pressure* 
of the dost. The ratios of measured 'dynamic pressures' to those 
calculated from the overpressures in the usual fashion vary from 2 to 
20. The exact value of this ratio for any particular condition will 
depend upon the amount of dust being carried along by the shock wave 
and upon the amount of energy fed into the material behind the shock 
front. 

A structure exposed to a blast wave will be affected by any sus- 
pended dust, and measurements of dynamic pressure should include the 
contribution of the dust as veil as that of the air. The pitot-static 
gage measures the particular ccmbination 

. it 
2 

« • (j   ♦ a,   • ♦o u ♦ o u" 
*  Sir  ^dust  ' a «   d d 

On the other hand, the drag force per unit frontal area on a structure 
will probably be a different ccmbination expressed as 
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In generftl drag coefflclcnta for air, CD, a&y rapy fro« 0.4 to 2.0 for 
different structural shape«, vherea« that for dust, C' , for raaaona 
cited in Appendix D, is expected to be approximately 1 for «nil oh» 
stacles. Dynamic pressures measured in the field under condition» of 
lust loading are certainly greater than could be explained on the 
basis of the dynamic pressure of air alone, and there is a need for 
measurements that viU distinguish between ^he contributions of air 
and dust. 

It is recommended that intensive laboratory studies be made of 
the effect of dust loading on shock waves tc determine 

1. The accelerations and velocities of dust particles of 
various sizes as a function of time after entry <Ato 
the ihock wave in the absence of obstacles to the flow. 

2. How dust interacts with obstacles, both gages and 
structures. 

3. The progress of shock waves through dust-laden air. 

k.   Any alteration of these shock waves by dust. 

5. How dust is picked up from the ground by passing shock 
waves. 

Measurements of overpressure and dynamic pressure at legations 
above the ground are needed on future full-scale tests on \hich pre* 
cursors are anticipated to provide experimental data not subject to 
the uncertainties of the results reported here. Every effort should 
be made to obtain measurements throughout the entire passage of the 
blast wave. Supplementary measurements of air density and temperature 
as well as dust density and velocity are needed to permit better under- 
standing of the complicated interactions in the precursor and thus per- 
mit more reliable prediction of damage frcm nuclear explosions 
producing precursors. 
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CHAFnSR 2 

PRSSHOCK PR2SSURE MEASUREMEnS 

2.1 OBJSCTIVE 

This phase of Project l.ld was Initiated specifically to deter- 
aine cxperiaentaliy whether there vas any observable increase in air 
overpressure prior to arrival of the main shock wave. Measurements 
were taken at two elevations above ground. 

2.2 BACKGROUND AND THSORY 

Previous aeasurenents^ '  have deaonstratcd unquestionably the 
occurrence of one type of preshock pressure increase -- the precursor 
shock wave — unoer given conditions« Fornation of the precursor is 
ascribeil^t?!10/ to heating of the air near the ground surface ly 
thermal radiation from the fireball. The precursor shock wave, which 
obtains its energy from the main shock wave, actually precedes the 
main shock wave, traveling at an increased velocity through the heated 
layer of air. 

But the question has arisen whether the sjddes thrrmal beating of 
the air can in itself produce a rise in pressure; such an effect would 
depend essentially upon whether the incident thermal radiation wer* 
delivered considerably more rapidly than the heated air could expand. 
It seemed likely too, that experimental investigation of such a pres- 
sure Increase might provide information that would aid in interpreting 
the precursor phenomenon. 

2.3 rSTOKETCATION 

Instnaentation for the preshock pressure measurements consisted 
of Viancko air pressure gages in slde-on baffles, mounted at the 2- 
aad 10-ft levels. On Shot ^t  Station 7-214 at Intended ground zero 
and Station 7-215 at an intended ground range of 500 feet were instru- 
mented. Only the gages at Station 7-215 were used on Shot 10. 

2.U RSSÜIJS AM) DlSClSSIOiy 
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as Fl^. 2.1, and the resultant data are smarized in Table 2.1. Oa 
Shot 9 all gages Indicated a preshock pressure increase that reached 
its naxlmaa 0.1-0.2 second after zero time but decreased to zero be- 
fore arrival of the main shock wave. At Station F-21U these rises 
were fairly rapid and the peaks well defined, occurring 2.5 msec 
earlier at the 2-ft level than at the 10-ft level. Over-all pressure 
Increases were approximately equal, being about 0.U5 psi. At Station 
F-215 the pressure increase occurred later aal in the fora of a broad, 
rounded pulse; arrival times at the 2- and 10-ft gages w^re virtually 
simultaneous, but the over «all pressure increase at U* 10-ft level 
was oalr about half that at the 2-ft level. Recorded overpressures 
osy, because of their amall magnitudes, be in error by +30 per cent* 

Arrival times of the main shock wave at ths 2- and 10-ft levels 
would indicate that it was not 'toed out* at either station on Shot 9* 

It should be pointed out here that the Wiancko canisters were 
thermally insulated from their mounts and were side-on to Intended 
ground zero. However, because the drop missed ground zero on Shot $, 
the baffles at Station F-21U were facing away from the burst aad ths 
baffles at Station F-21r) were facing obliquely (at an angle of 19° 
between the thermal rays and the faces) into the burst. Thus it seems 
unlikely that the gages at Station r-2lU were subject to radiation 
heating, but those at F-215 may have been heated somewhat. Evidence 
that these pressure rises were not the result of electrical disturb- 
ances is the fact that no eignala were recorded ty either the static 
or differential pressure elements of the pi tot-static gage at Statlor 
F-21U. neither element would be expected to observe this preshock 
pressure signal, but both should be sensitive to electrical disturb- 
ances. THe static pressure element would not be sensitive enough to 
see the early signal, and the differential clement would not respomd 
to azqr pressure change affecting both compooent pkges simultaneously. 

2.4.2 Shot 10 

A aonotoric increase in air pressure from zero time until ar- 
rival of the first shock wave was observed in the records from the two 
gages at Station F-215 on Shot 10 (Fig. 2.1). Again the pressure at 
the 2-ft level was higher than at the 10-ft level. An analysis of the 
records from all other air pressure gagea used tor this project on Shots 
1 and 9 revealed that any inherent drift of the pressure-time traces 
from zero time until ahock arrival was randomly distributed positiv« 
and negative. Moreover, the magnitude of aiqr such drift (all ware less 
than 0.2 fsl) is considerably less than the pressures of 3.5 and 2.9 
pai reconVd on Shot 10. Other gages used on Shot 10 to measure over- 
pressure ai.so indicated preehock pressure increases, ths magnitudes of 
which decreased with increasing distance from ground aero (0.5-1 psi 
at 1000-1200 feet as compared with 0.1-0.2 pai at 2000 feet). From 
this evidence it must be comcluded that the preehock increase la air 
pressure olsenred at Station F-215 oa this shot was real and that it 
decreased In magnitude with increasing height above ground aad with 
distance from ^ound zero. 
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The first shock wave to arrive at Station F-215 had overpreasuree 
of 69,6 p«i at the 2-ft level and ^6.0 pal at the 10-ft level. It ar» 
rived at the 2-ft level 2.6 aaec before It arrived at the 10-ft level. 
Thus it it apparent that this shock was 'toed out* at this station and 
that the precursa, had fomed closer to ground xero than this ground 
range of k2k feet. 

2.5 C0NCLUBI01C AND RECOWENDKnONS 

Ibese «easureaeota have shown that for certain heights of burst 
and yields, themal radiation alone may cause preshock increases in 
air pressure in a Halted region. However, additional aeasureoents of 
this type on future full-scale tests of nuclear weapons are not Justi- 
fied as it would appear that adeqv^ -• aeasureaents of preshock signals 
can be oade using pressure InstnoKntation designed for other purposes. 
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CHAPTER 3 

OACE ^VALUATIOy AND SUPPOWTIC AIR BIAST MEASURSMEHrS 

3-1 SCOPS AMD DESIGN OF TftP,  EXPERDClfT 

field evmlimtloa tents of four at or laprored fif•• v«re con- 
ducted on UPSHOT-X2fGTH0I£ to detemlne their euitebillty for uee on 
full-eceie teste of nuclear veepone. In eddition to dyrwlr and 
static preseurea these gs«es were designed to asasure air density, 
temperatures prior to and during passsfe of the shook ware, sonic 
velocity, and wind or particle velocity. Direct —asursMsat of these 
variables is desirable, particularly for noaldesüL shock vsves, to per* 
mit aore accurate aaaeaasent of blast effects and a better uadarstand- 
lag of the interrelation of the phsaoasna involved. As e reault, 
blast effects to be eiptcted under varying conditions should be aore 
accurately predictable. 

Prototypes of two newly developed gagea, the centripetal density 
gags and the whistle tenerature gage, and <»f modified versions of two 
previously used gagea,» the q-tube and th* sonic wind and sound speed 
indicator (SWASSI), ccaprised the group to be field-teeted. Groupings 
of those instnasnts were installed at appropriate locations oo Shots 
1, 9,  and 10 in conjunction with installations of pltct- static and 
resistance temperature»^ gages so that aeaeured dynamic pressures and 
temperatures could be used to evaluate the performance of the experi- 
mental gagea. Figure J.l shows the group of gagea installed at Sta- 
tion 3-299 on Shot 1. 

Pitot-static gage aeasuramente of dynamic pressure have already 
been diacusssd in Ch 1. Data from the resistanes temperature gaga *r« 
presented in Table 3-1 and tracings of the temperature«tlJM waveforms 
in Fig. 3.2. In the three instances in which valid teaperature meas- 
urements were obtained there wae ejceellrat sgreement between measwsd 
temperaturee and thcae calculated frcm corresponding measured over- 
preeeuree. Thl» agreement must be taken into account in evaluating 
data frcm the experimental gagea. 

3-2 CEWfRIPETAL DBgm CAGE 

3.2.1 Backarouad 

snsmr MasasMaemMm. ftt<ale 9MpXo9UmM Mmsr 



Pl^. 3.1 -- View« of I^rperlaentÄl Cages Installed In Field. Top Photo- 
graph iihows, Lett to Right, Wlancko Air Pressure Cage in 
iSide-ca Baffle, Fitot-Static Gage, Resistance Temperature 
Cage, q-Tube, and Density Gage.  Lower Photograph Shows a 
Density Gage, SWASSI, and Resistance Tenpcrature Cage In- 
stalled at Another location. 

over land surfaces. Thus it was felt that experimental data on air 
densities within such shock waves should be generally applicable to 
evaluating stock wave theory as well as specifically applicable to 
evaluating data on oeasured dynaaic pressures. 

Direct measureoeots of density have been aade on previous experi- 
aental nuclear bursta==/ using a beta dencitooeter. However, this 
inatrusent measured total density cf matter, both air and dust. It 
was hoped that the centripetal dei r ft} gage developed by iandia Corpo- 
ration would measure a quantity more aearly approximating true air 
density, exclusive of ftist. 
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3.2.2 InatnnentAtion 

Tho centripetal density gage^ (Fig. 3.3) v^a deaigned to taue 
contlDUoua Beaaurementa of air denaity from zero tlaa throughout paa- 
aagc of the shock vave. A rotating air column la produced in the gage 
by a aet of blade a mounted radially on a diac after tha faahlon of 
bladea in a conventional centrifugal air blover. At tha circumference 
of this diac are tvo preaaure pickup tubea, one facing In tha direction 
of rotation, the other in the oppoalte direction. Theaa preaaure pick- 
ups provide a reading of differential preaaure, vhich la proportional 
to the dynamic preaaure imparted to the air by the rotor; bot alnce 
the speed of rotation la constant, the differential pressure la alao 
proportional to the density. 

To obtain equal fill times for the tvo pressure openings and en- 
sure essential freedom from hysteresis, a diaphragm-type differential 
pressure transducer (fig. 3>^) vas deaigned for use vlth tha density 
gage. Movem^c* of the diaphragm unbalancea an Inductive bridge cir- 
cuit. 

For use in the fieid the entire gage assembly vaa mounted In a 
side-on baffle 3t> Inches in diameter (Fig. 3•5)« A static pressure 
gage incorporating the same type of transducer element was also 
mounted in the side-on baffle, Imaedlately below the denaity gage. 

Static teata of tha denaity gaga In a variable-density and 
-temperature chamber and in tha vlnd tunnel^/ Indicated that measured 
differential pressures were directly proportional to density and vera 
essentially insensitive to Mach maaber of tha air flow paat tht baffle 
and to tha angle of Incidence of tha vlnd vlth tha baffle for angles 
less than 10°. 

In field use the gaga and recording syaten vere checked for line- 
arity of response by applying knovn pressure differences to tha 
differential transducer element. A record of the galvanometer deflec- 
tion corresponding to the air denaity at calibration la obtained. 
This density Is calculated froa measured ambient temperatures and 
pressures. Together these measurements provide a calibration curve of 
galvanometer deflection va air denaity. 

A single density gage vaa installed at Station 3-269 ca Shot 1 of 
UPSHOT-KNOTHOLE, and on each of Shots 9 And 10 gages vere installed at 
Stations F-21? and F-208. 

\ 

3.2.3 Results and Discussion 

Meaaured density ratios (o/oo) have been compared vlth those 
calculated from the overpreaaurea (Table 3*2); overpressures used for 
calculation vere averagea of those obtain.d by Projects l.'biS/ end 
l.Xo^U    Overpressures meaaured by the static eltaent of the denaity 
gage are listed in Table 3*3> Wotc the excellent agreeaent betveea 
meaaured and calculated denaity ratios except for that from gage 17D10 
on Shot 10. This gage vaa the only one In the precursor, the meaaured 
Penalty ratio being considerably greater than that calculated. Un- 
fortunately the record ceaaed prior to arrival of the heavy dust front 
behind tha precursor front. The relation presented by PortelS/ (see 
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also App £) for a shock vave moving through uniformly dust-laden air 
would account for a higher air density ratio. However, In this in- 
stance the shock wave was loaded vith dust at the ground, and the 
shock front reached the gage before the dust front; therefore quantita- 
tive ccmparlson Is not justified, and no conclusion can be drawn about 
this apparently high density ratio. There is still sane question 
whether the gage would register any dust component. The record from 
this same gage Indicated that upon arrival of the precursor shock wave 
the density had decreased to 0.8 its value at zero time; the magnitude 
of this decrease before arrival of the main shock wave Is in agreement 
with the measured temperature increase at this station^/; the pressure 
gage showed an increase in ambient pressure of not more than 1.2 per 
cent (0.:.3 psi). 

Density-time and overpressure-time waveforms for the gages at 
Stations F-217 and F-206 on Shots 9 and 10 are presented in Fig 3*6. 
The record from gage 17D10 on Shot 10 exhibits oscillations character- 
istic of the gage operated at its present rotor speed. Waveforms for 
the other records have been derived by drawing curves through the 
averages of these oscillations. Since the frequency of these oscilla- 
tions Increases with Increasing rotor speed, they may be eliminated 
entirely by operation at high rotor speeds and installing an electrical 
filter. Such modification should not affect density measurements In 
the frequency range of interest. 

3*2.4 Conclusions and Recootendations 

Except in the extremely dusty atmosphere of the precursor this 
gsge has proved eminently satisfactory for use in field msasurtmants 
of air density under the conditions of ALLI-scale nuclear test«; as 
demonstrated by the excellent agreement between measured and calculated 
density ratios. 

Redesign to reduce the sise and weight of the gag* vould facili- 
tate handling in the field, and in redesign the rotor speed should be 
increased to eliminate troubiescsae oscillation. Both these recca 
tlons are being acted upon. 

3-3 

3»3'i Background 

In Its original form the q-tube^ wae/^abject %o inherent ae- 
cLanlcal defect* In the operation of the straiirSsO'fTements used to 
oeaaiL-e deflection cf the sensing clement by wind drag forces. Devel- 
opment of the differential pressure transducer for use in the centripe- 
tal density gage (Section 3.2.2) led to an improved modification of the 
original q-tube which would, it va» hoped, prove feasible as an alter- 
nate to the pi tot-static gage for measuring dynamic pressure under 
field coalitions on full-scale tests, particularly at lower overpres- 
sure levels. 
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3.3-2 Instruaontatl.-n 

Zxcept fcr repiaccaont or the strain aa^es by difforential 
treasure pickups, the  q-tuuc and ita nount are essentially the saae as 
described in an evaluation reiwrt on its field performance daring 
TUMBLER-üNAPFER.ü/ Details of the modified sensing eltaaent are lllua- 
trated in Fig. 3-7; differentlai pressure pickups at the front and back 
of the deflecting disc are connected to the differential pressure 
transducer as shown. Theoretically the front openinf: chould see total 
pressure and the back opening a pressure that is less t.jxn free-streaa 
static pressure by sooe fraction of dynamic jresuur^. l^us the 
differential pressure as recorded by this instrument »hould exceed the 
dynamic pressure by a factor between 1 and 2. Wind-tunnel teats of the 
^e^ve shown this factor to be lA9 for Mach numbers of less than 
Co:£i/ hence the sensitivity of this gage is somewhat greater than 
t.-at of an instrument that measures the difference between static and 
stt^nation pressures, as does the pltot-static gage. 

Because the time available for fabrication of test prototypes of 
the modified gage was rel itively short. It was planned to in tall but 
a sioglf* ga'e on each shot. These were placed in regions sur i that 
ideal shock waves having overpressures of 10 psl or less were antici- 
pated. As discussed in Ch 1, a second gage was installed at Station 
F-23o on Shot 10 to measure dynuntc pressures in the tree stand. 
Field Installation of the q-tube is shown in Fig. j.l. 

3'2-3   Results and Discussion 

Peak dynamic pressures measured by the q-tube are listed in 
Table 3.I4, while tracings of the orresponding pressure-time curves 
are presented as Fig. 3-8. Table 3.5 compares measured dynamic pres- 
sures with those calculated from the overpressures at the same location 
tions. 

The record from the q-tube at Station 3-269 indicated thrt the 
gage failed approximately 2<  seconds after rero time, and a post-shot 
survey of this station revealed that the Instrument could have been 
knocked from its mount by flying debris (Fig. 3-9)- 

This gage was atar the outer limit of the precursor and exhibited 
the two-step waveform seen by all other gages at this station. The 
peak dynamic pressure in the initial short-duration step aa measured 
by this gage was considerably higher than that calculated and that 
measured oy the pitot-static gage. But the peak dynamic pressure meas- 
ured in the second step, which is attributed to the mala shock wave, Is 
in excellent sgreement with that calculated aa well aa that measured by 
the pltot-static gage. 

On Shot 9 the peak dynamic pressure measured by gage 06qll at 
Station T-206 deviated by less than 3 per cent from that calculated. 
AJLthou,:i on Shot 10 the same gage recorded a dynamic pressure 35 per 
cent greater than calculated, the measured dynamic pressure was within 
6 per cent of that measured by the pltot-static gage at the same loca- 
tion. 

While the gage at Station F~2db in the tree stand measured a peak 
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3.4    WHISTLE TEhgERATiTRE GAGE 

l-k.l   Background 

A need for accurate experlaeatal data on presbock air teapera- 
turea resulting fron full-scale detonation of nuclear veapona haa been 
recognised for sane time. In its present form the resistance teapera- 
ture gage developed by Sandia Laboratory for use In measuring tempera- 
tures wit bin the shock vave^Ld^/ Is unsuitable for making preshock 
measurements because of its Inherent susceptibility to heating by 
thsraal radiation from the fireball. Previous experimental aeaaurc- 
ments or preshock temperatures have made use of thermocouple&3/ and 
of instruments designed to measure sonic trar«it c.m**.22i2o/     Ttese 
instruments were not completely ideal for use In the field. If theimo- 
couples are to have a fast response, they must be made small and 
become rather fragile for use under field conditions. Sonic velocity 
methods have the drawbacks of being subject to noise interference and 
rcquiiing complex electroalc equipment. 

The whistle temperature gage which was field-tested for tha first 
time on UPSHOT-KNOTHOLE was originally conceived as a mean» for meas- 
uring preshock temperatures. IXxring its development it appeared that 
it might also function throughout the shock wave and measure tempera- 
tures both prior to and following the arrival of the shock front. 

3.4.2 Instrumentation 

The whistle temperature gage is essentially an open-ended reso- 
nant cavity which is caused to whistle by drawing air past its open 
end by means of a vacuum pump. A standing wave is thus formed whose 
va-re length, X, is four times that of the cavity. The speed of sound 
for air, c, the frequency, f, and the temperature, T (in degrees 
Kelvin), are related as 

c -Xf, (c/co)
2 - T/To. 

Thus the frequency depends only upon the all* teoperature, and if vtu» 
ambient frequency, f0, Is measured at temperature T0, a corresponding 
meas'irement of frequency f provides a measure of teuperature T. 

A microphone picks up the output of the whistle and feeds it to aa 
FM discriminator (Fig. 3-10) whose output is in turn •corded on a 
galvanometcT. The deflection, d, of the galvanometer is proportional 
to the frequency of the whistle. Thus if tero deflection corresponds 
to f at T , 

o   o 

f - f ♦ kd. 
o 

Trot these relations the temperature of the air car. be computed. 
This method of recording the signal from the gage was adopted 

daring the planning stage when it was uncertain whether the Aapex 
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magnetic tape recorder would be available for use in the field. Re- 
cording could be considerably simplified if the microphone output 
signal were directly recorded by tbr  Ampex recorder. 

A detail drawing of the gage in its mount is presented as 
Fig. 3-Ü' Invar, an alloy having a temperature expansion coefficient 
of essentially zero, was used for the resonant cavity. The cavity is 
mounted in the front of a canister similar to that of the Wiancko air 
pressure gage, end the microphone is mounted in the rear of the canis- 
ter. A side-on baffle of the kind used for air pressure measureaeats 
serves as a mount for the canister assembl/. A solenoid-operated 
drop-away shield helps prevent the cavity from filling with dust prior 
to use. 

tlxperlmental models of the whistle temperature gage were installed 
at Station 3-2Ö9 on Shot 1 and at Station F-217 on Shot 10. Figure 
3.I2 shows the gage mounted at Station 3-209 with the du  cover re- 
moved. 

3.If.3 Results and Discussion 

Data frcn these two stations are presented in Table 2.6,    On 
Shot 1 the gage operated satisfactorily until shock arrival and showed 
no change in temperature. Upon arrival of the shock front, however, 
operation of the gage became intermittent; it did opei ate during the 
last portion of the positive phase and throughout croc over into the 
first portion of the negative phase. If the record is extrapolated 
back to arrival time of the shock wave, the extrapolated value for 
peak temperature is in good agreement with that measured by the re- 
sistance teaperature gage. 

On Shot 10 the tape which had been placed over the orifice of the 
cavity after calibration to provide a semipermanent seal against enter* 
ing dust was inadvertently left on during the shot. Consequently the 
gaga did not function at all on this shot. 

3AA Conclusions and Reccii m,1ritiona 

Whereas both full-scale and laboratory tests have indicated that 
the whistle gage can be used to measure air tenperatures. it is doubt- 
ful whether the gage in its present form will function throughout pas- 
sage of the shock wave. It is possible that its response during 
passage of the shock wave may be improved by redesign of the orifice 
and cavity. 

Certainly before this gage is satisfactory for field use it will 
have to be modified to eliminate tht tendency for dust to clog the 
cavity and interfere with its operation. Measures should be taken to 
eliminate bulky accessory equipment like the vacuum p\ap. Laboratory 
study should be continued, but no plans made to use tne gsga on full- 
scale field tests until the results of such a study becooa available. 
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TABUS 3.6 - T«ip«ntur«t, VhlstI« T«ip«rmturt Cte<« 

Shot 
1   no. 

3t% 
Ho. 

Oroual 

3' 
t 1   AT AT (0C) 

(calcd) 1 t0c) 
1 

10 

3-269 

?-a7 

Ö9TW10 

XTIVIO 

2600 

lk22 

1.071U kf U3 0.59 0 1 

Did not function 

aOp«rmtloa lataral ttmat;  «xtmpoiat«d T»1U« 

UNCLASSIFIED 
71 
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3.5  so:rrc wrro AND SOICT SPEZD rmiCATOR (SWASSI) 

3.5»1 Background and Theory 

This infltnoent was designed to measure wind and sound speeds 
vhen vlnd direction is kjoovn; essentially it is a speaker-«Icropbone 
arrangement incorporating equipment to measure transit times of sound 
pulses in tvo opposite directions. In tike form in which it was used 
on TLMBLER-SMAPPERÜ/ and Vn}£/ the gage did not operate properJy 
because the sound source, a crystal transducer, did not deliver sound 
pulses powerful enough to override the noise produced by the shock 
wave. The crystal transducer used as the receiver rings at its natural 
frequency vben struck by the shock wave, and in earlier models it was 
necessary that the transmitted pulse be of the same frequency to ob- 
tain the desired sensitivity. As a result there vas no way of distin- 
guishing the transmitted signal from this shock-induced noise. Both 
defects have been corrected by using a more powerful pulse of a fre- 
quency differing from the natural frequency of the receiver. 

3.5.2 Instrmentation 

A pulsed siren is used as the sound source in the current modi- 
fication of the SWASSI (Fig. 3«13)* The siren is a rotor-stator type, 
and it emits a pulse whose length, frequency, and repetition rate are 
governed by the rotational speed and gecnetzy of the rotor-stator 
openings. At the normal rotational speed of 135 rps the pulse length 
is approximately UOO msec and its frequency 19« ** kc. The vavefom 
closely resembles a sine wave, and the sound beam has a full width of 
about 70°, over which the intensity Is nearly constant. Timing signals 
to mark thr emission of each sound pulse are generated by a small mag- 
net mounted on the rotor and coils mounted on the stator. 

The microphones have a flat response In the 19.4-kc region, sal 
while their sensitivity is less than at their natural frequency of 50 
kc, the powerful signal fron the siren results in outputs in excess of 
those from the 50-kc signal in earlier models. Since the received 
pulse is fed to a tuned airpllfier, any 50-kc noise is filtered out. 
Ttese amplifiers have a band width of approximately k kc; consequently 
the rotor speed is critical within 5 per cent if the signal is to be 
passed by the amplifiers. The detection, amplification, and recording 
systems and calibration procedures are analogous to those used with 
earlier models.ü/ 

A single SWASSI was installed on Shot 1 and two on each of Shots 9 
and 10. In Pig. 3*1 the SWASSI is shown mounted on the cross piece of 
a goal post tover. The center pipe contains the siren and the two end 
pipes the receivers. The crosspiece was aligned at an angle of U50 

with the line from ground sero to the center pipe of the gage. Except 
for that at Station F-217 on Shot 10 it was anticipated that all gages 
would be In regions such that ideal shock waves would obtain. 

The output of one of the receiver aaplif lers used on Shot 1 was 
displayed on an oscilloscope and photographed 1o obtain detailed in- 
formation about the site and shape of the transmitted pulse as ccapared 
with those of any noise pulses. 



3'5'3 Reaulta and Dlscuaalon 

Table 3.7 Is a compilation of data for Shota I, 9,  and 10. Oa 
Shot 1 the alren did not attain Ita proper operating apeed until about 
10 seconds after arrival of the ahock front becauae the line Toltage 
to the aotor was too iov. Conaequently the pulsea fro» the recelrera 
vere net atrong enough to trigger the Interval timer. A photographic 
record of the microphone output old Indicate, hoverer, that the problem 
of nolae Interference haa been solved, for only one nolae puiae at the 
instant of ahock arrival vaa of aufflc lent amplitude to trigger the 
Interval timer. 

TABLE 3-7 - Sound and Wind Velocltiea - SWASSI 

Shot 
No. 

Sta 
No. 

Gage 
No. 

Ground 
range 
(ft) 

t 

(a^c) (OC) 
(calcd) u 

(ft/aec) 

u 
(calcd) 
(ft/aecJ 

1 

9 

10 

3-269 

F-a7 
F-206 

F-a7 
F-?08 

89SVS13 

17SWS13 
ÖSVS13 

17SVSI3 
ÖSVS13 

2600 

I683 
U060 

1U22 
3?16 

»0 record 

1.400 
2.610 

50 
ho 

66 300 
i*10 

350 
406 

Ho record past tero time 
Ho record past zero time 

On Shot 9 the gage at Station F-217 operated aatiafactorlly, but 
that at Station F-206 failed about 100 maec after arrival of the ahock 
front becauae of mechanical binding in the rotor of the alren. Thia 
defect vaa corrected prior to ualng the aame gage oa Shot 10. The 
meaeured peak temperaturea and particle velocltiea in the ahock wave 
are cempared vlth tboae calculated from the meaeured overpreaaurea in 
Table 3«7* Agreement la not particular!/ good. There vaa a much 
larger acatter in the transit times of the transmitted raises emitted 
betveen zero time and the end of the poaitive phase of the ahock wave 
than In those measured before zero time aad after the end of the nega- 
tlve phase. The scatter prior to shock arrlvad is probably attribu- 
table to local turbulence caused by thermal interaction. Also the 
actual ground zero on Shot 9 vas displaced to an extent that the direc- 
tion of the blast winds was more nearly along the lime of the trans- 
mitter and receivers rather than at an angle of U50, and there w»j very 
likely Interference from the turbulent wake of the mounting pipes along 
en appreciable portion of the sound path. 

On Shot 10 all gagee functioned properly until tero time when 
three of the four records went off scale. Presumably this malfunctiom 
vaa the effect of the electrcaaagnetic transient on the interval timers, 
although the exact cause c^pot be determined. Tils difficulty had be determined. Thlsl^ 



never been experienced on previous experiments and was totally un- 
expected. 

A conparison of the records from the free runs at calibration time 
vlth the prezero-tine portions of the records from Shots 1, 9,  and 10 
in the light of the ambient tenperaturea aal vinds baa indicated that 
the electronic detection system ia not sufficiently stable and that the 
transit time« may be cooaiderably In error. 

3*5*^ Concluaiona and Reccamendationa 

Aa it ataada tna SHASSI ia stil oot a field gage. One of the 
principal defect a of earlier modela haa been overcome in incorporating 
the pulsed siren aouad aource. Hovcvcr, the electronic ay at em for 
meaaurlng tranait tlaaa ia unaatlafactory still, and work ia IA pro-» 
greaa on further romadial modification. 
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APPENDIX A 

ABSREVIATIOflS JLND SYMBOM 

A   In ga^e code, acceleroaeter 

a   (•ubtcrlpt) alr 

3   In gage code, back dynaalc preaaur« el^ent of pi tot- 
«tatlc gage 

b Ratio of density of duat iuapended in air to that of air 

c Speed of aound 

D In gage code, denaity eloaent of the denai^r gage 

d   (subscript) duat 

DS In gage code, static pressure elaasnt of the density gage 

S Energy gained by the aass of aaterial in a unit Tolxae 
behind the shock front in passing through the shock front 

e Intenml energy per unit aaaa 

F In ge£3 code, front dynamic pressure elanent of tha pltot- 
static gage 

GR Ground range; distance fraa GZ to a specified position 

GZ Ground zero; point directly beneath burst 

g Acceierstlon of gravier (32.2 ft sec ) 

h Specific heat of duat 

I lapulse per unit «xea 

i (subscript) lacidert shc-k w»ve 

M McocntuB per unit are» 

a Mass per unit area 

n Registering coefficient for duat (aultlpiylnA factor for 
0 u*   which give; the dynaaic pressure of dust) 

o (subscript) aabient condition ahead of stock front 

P Prissuir 

^P Overpressure 

mmr::"x 
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q  Oynule prtsture (^Pu ) 

q  In gig« code, the q-tube 

a   dtagaation pressure minus fr/;e-stream static pressure 
(^ • <l(l ♦ 0.25 M2 ♦ O.C23 M4 + •..)) 

q-i o o ii QjmsKic pressure measured at time At. * - L 

r (subscript) reflected shock vave 

8 In gage code, static pressure element of pitot-static gage 

SW In gage code, sonic viod and sound speed Indicator (SWASSI) 

T Temperature 

A7 Temperature increase In shock va\e 

t Time 

At Time interval after arrival of shock vave 

t  Tine of arrival of first pressure signal of blast as 
referred to rero time of hurst 

TR In gage code, resistance temperature gag>; 

TV In gage code, vhistle temperature gage 

U Shock velocity 

u Particle velocity 

V Specific volvae (V - I/o ) 

Y In gage code, yavmeter 

y       Ratio of dynamic pressure in dust-Ialen shock to that la 
clean shock 

a       Angle between incident shock front a^d reflecting plane 

7       Ratio of specific heat ^t constant pressure to that at 
constant voiune 

1        Ratio of density behind shock front to that In front of 
shock front (a/o  ) 

X        Wave length 

U 
7 -  1 

0 Density 

(       Ratio of absolute pressure behind shock front to that in 
front of shock front 

f       Tav an^le 

a       Pitch angle FöRMERiy • :snC[£0 DÄTI 
Handle At hrtfnn-d f%u io Fotm*<m 
Ü.»»«B»t Mf.on Si»,.,-   I44B. Atumlo 

77 Er.eicjv  Aft    l<54 
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APPEKDIX D 

PREUHINAKY INVSSTTGATION OF THK 
RSSPCN25 OF PgSgSURS G.^SS TO SUST-UDHf AJ3 

J. R.  Banister & C  D.  Broyle» 

In full-scale nuclear explosions dust Is often suspendad In the 
air both before and after passage of the shock front,  Its concentra- 
tion being greater behind the front.    TMa dust Is of concern because 
It aay alter the vaveform of the shock ware and because its concen- 
tration may be so great as to affect the dynamic load imposed upon an 
obstacle.    IXirlng recent nuclear explosions dynaalc pressures measured 
In regions of large quantities of suspended dust were higher than would 
be computed from the measured overpressure using the Ranklne-Rugonlot 
shock relations. 

This observation was at variance vlth the results of a cursory 
shock-tube experiment by Cook and Richardson^/ designed to investi- 
gate the effect of dust loading of a shock wave on dynamic pressures 
recorded by a differential pressure gage.    Thty used a U-msec square 
pressure pulse loaded with chalk dust and a pair of Wlancko air pres- 
sure gages oriented to simulate the Wlancko differential pressure ele- 
ment of a pitot-statlc gage.    Although they found dynamic pressures 
little changed by dust during passage of the positive pulse, their 
results were difficult to Interpret, particularly because it was un- 
certain whether ths sharp spike which appeared in the record three 
milliseconds after passage of the shock wave was attributable to dust 
striking the gage or to some other phenomenon caused by the dust.    They 
chose to neglect it.  and decided that dust probably does not register 
on a Wlancko gage.    Their conclusion seemed reasonable because the 
gage Is so constructed that the dust »amentum could have bewn absorbed 
by the acoustical damping material. 

Tfce possibility that the prcsiure spike observed by Cook and 
Richardson could te a result of dust loading and the resulta observed 
on full-scale tests led to reinve»tlgatlon of the problm in the pres- 
ent series of shock-tube experiments. 

D.l     SDCP^RIMEWTAL PROCSXJHE 

Krperimental arrangements for the current study are similar to 
those used by Cook and Richardson with two exceptions.     A fluely pow- 
dered fand (SlOp) and a pulverlxM pualce,  both of which probably 
contained particles of smaller si»      -nn the chalk dust used in earlier 
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exprrlnenta,  have been used.    Also the positive pulse Is of longer du- 
ration so that the dust is in the positive pulse when it arrives at 
the gage; ambiguous results can thereby be avoided,  for it is nov 
fairly certain tnat the spike observed in dynamic pressure curves from 
the earlier experiment was caused by dust striking the gage. ^ 

Both Rutlshauaer and Wlancico gages are used for these measure- 
ments,  the Rutlshauser gage being used a« a staadard against which to 
evaluate the performance of the Wiancko gage.    The response of the 
Rutlshauser gage to dust may be anticipated to a certain extent and 
thus give seme id2a of the distribution and velocity of the dust a« 
the gage position. 

A ccnp.Tete description of these gages and their operation is not 
essential here; however,  some characteristics of the pickup elements 
are significant in interpreting the experimental result«.    The pres- 
sure pickup of the 'rfiancko gage22/ incorporates a variable reluctance 
controlled by rotation of a bourdon tube.    This tube is subject to 
acoustic resonance which Is damped by placing a Fiberglas wick inside 
it; the gages used in this experiment are so daaped. 

The pressure piclup of the Rutlshauaer gage is a variable-capaci- 
tance stator-dlaphragi  arrangeaent such that a change of capacitance 
between the eta tor and dlaphraga produces a voltage signal which la 
nearly proportional to the pressure applied at the diaphragm.    Die 
face of the gage is 3A iach ic diameter; the dlaphra^i, which is 3/l£ 
inch In diameter,  is at the center of and flush with the face.    Be- 
cause of its rapid response, details or the load imposed oo the gage 
may be examlnod closely,    Schenatic cross sections of the two gages 
are shown in fig. D.I. 

A third type of pressure gage, the model P^-0 m ^u/actured by the 
Beta Corporation, was used in sons preliminary measureaents.    Like the 
Rutlshauser gage it is a diaphragm-type gage bat cai^ot be calibrated 
statically.    It uses an electroklnetic transducer.i' 

These gages are mount«! in the shock tube in a manner simllmr to 
that described by Cook and Rlchar^opn.    A nearly square pressure pulse 
is produced in the usual fashior.ii/    This pulse passes through a 
screen approximately k feet from the cellophane dlaphragi separating 
the compression chsnber from the expansion tube, and a slde-o& and 
head-on gage are placed 8-1/4 inches beyond the scrsen {Tig* D.2).    The 
ccepresslon chamber is Long enough to produce a positive /ulse of 10 
msec. 

Dust is added to the shock wave by loading the screen as unifoxmly 
as possible with weighed quantities of dust.    Since all dust oo the 
screen is removed by the shock wave,  the /amount of dust in Suspension 
may be arrived at by estimating the percentage of dust shaken off 
daring installation of the screen.    Loads of about O.CÖ g cm'2 (heavy 
lo*i) and 0.0U g cm^ (light load) are used; control runs are mods 
using an unloaded screen. 

Ranges of dust dlemetere are deteimlmed by microscopic ewlna- 
tion of the dust on a calibrated slide.    Particle dlsvetsr« of the 
sand range fron less than one to ten microns, those of the pumioe ffom 
ten to one hundred microns.    Specifio gravities of both types of Aast 
particles are estimated to be 2.5. 

iiypi Accinm 



-Li 

on 

3 

1 
5 

5 

o 

i 



5 
3 

]■ 
3 

s 

s 
I 
I 

w 
Q 

4t öHSiAssina 



Initial shock overpmsturei (before the «hock «trikei th; screen) 
are 7.0 and 3.Ö p»l.    Side-on aeaturemente indicate that the Bcrecn 
attenuates the orerpressure by 9 P*** cent for tne stronger shock and 
3 per cent for the weaker, but without significantly changing the vave 
shape, 

Pressure-tiae record* are obteined by feeding the outputs of the 
gages to a Tektronix Type 312 cathode-ray oscilloscope and using a 
Polaroid osclllosccpe caaera to photograph the traces.    Records are 
obtained frota the he«a-on ga^e alone,  fros the slde-on gage «lone,  and 
of the difference betveen the readings of the bead-on and side-on 
gages (dynamic pressure or q). 

All gages are calibrated by the stetic-pressure aetnod, and care 
is t*ken that the sensitivities of all side-on and head-on pairs used 
for dyxuBlc pressure ■easuraaents are equal. 

3ecau£e the clean pressure pulse is ajpproxiaately square,  the 
Rankine-Bugoniot shock relavions and the equations of state for air 
aay be used to calculate Tarious characteristic paraaeters of the 
shock ware which has passed through the dust-free screen.    Cosputed 
values for thete paraaeters of the strong and weak shock wares are 
listed in Table D.I. 

TABLE D.l -- Ccsputed Characteristics of the Clean 
Shock After Passing Birough the Screen 

Shock 
orer- 

pressure 
teil 

Shock 
velocity 
f ft/tec) 

»teterlal 
reloclty 
(ft/sec) 

Density of 
air pulse 

it s2l 

Dynsalc 
pressure 

i2^1 
6.2 

3.6 

1,360 

1,280 

352 

219 

0.00130 

0.00117 

1.1 

0.3Ö 

Positive pulse duration:  10 esec 
Axaa te^>erature:  250C, 290°^ 
3peed of sound:   l,li>0 ft/sec 

.^sblent pressure:  12 psi 
Aablent density: O.OOO967 g ca"3 

D.2    SCM$ mBORSTICAL ASPBCTS Of TBB PPCBLQt 

One of the first queetiooe that arises la an analysis of ehe ex- 
pcrlJMatal reeulte is the aanosr in wnlch the dust is accelerated. 
While it eight at first seea :aat the shock front is responsible for 
dust aseelsratloa, an elf ntary approximate calculation shows that 
this eenaot be true for dust particles of ordinary density.    Let us 
consider a single particle struck by the ehock front,  the force on 
vhlch is appraxlaately 2 PA where P Is the shock overpressure, A is 
the frontal area of the particle,  and the ftffcULpf 2 accounts for the 
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pressure doubling at reflection. IMs force acts for a time x/U where 
x is the distance the shock must travel to envelop the particle sad 
U is the velocity of the shock front. The total nonentua Imparted la 
approximately 2 PAx/U, and since the nass of the particle is approxi- 
mately AxA, where 6 is the density of the particle, the velocity im- 
parted by the shock front alone is of the order of 2P/U8. ?br a 
6.2>psl shock overpressure and a particle density of 2.3 g cm*3 the 
resultant particle velocity is only 0.3 fps. 

Our experimental situation is, of course, quite different In that 
the dust is packed into the openings of the screen and behaves morn 
or less as a solid wall until it is driven clear. We may therefore 
describe the behavior of the dust by assuming the overpressure to be 
doubled on reflection, whereupon the force per unit area becones 2P 
and thu acceleration of dust having a mass of m^ per unit area is 
2P/34. The differential equation is simple since acceleration is con- 
stant until the dust is clear of the screen; Integrating t'i.ce aod 
eliminating the time factor, we find that the velocity Impa^wed in 
the dust in this stage Is 2 VPs/m^, where s Is tti thickness of tt^ 
screen. Since this thickness is about 0.1 cm, the ejection velocltr 
of dust is about 30 fps for heavy loads aod strong shocks. Ihls re 
locity is far less than that observed at the gage, sod It is evident 
that in this phase the dust is broken up but does not attain its maxi- 
■um velocity. 

Drag forces, then, must account for most of the observed velocity 
of the dust particles. Drag forces may be approximated by using 
Stokefs lair sod assuming that dust particles behave as smooth spheres. 
'Sie force on such a particle would be 6v7r(uA - u^), where r is the 
radius of the sphere, v the air viscosity, sad uft and ug are the air 
and dust particle velocities. Using Hewton's second lav we may state 

^ . IV (u - u.) 
dt   Sr'S  •   d 

(D.l) 

vhere t is time. This equation was used to calculate the times of 
Table 0.2, assusJng a dust particle density, 6, of 2.5 g aa . Th's 
treatment of drag forces Is only approximate, however, since the dus«. 
particles are not smooth spheres, and at high Reynolds numbers Stoke*e 
lav gives a force lover than is observed experiment illy. .■£/  Actual 
times required to reach ▼arious fractions of air velocitv are prob- 
ably considerably less than those listed in Table D.2, which should 
be regarded only as order-ofHtagnltude approximations. Moreover, 
Table D.2 does not imply that in the experimental arrangement dust 
particles attain the lodlcated fractions of the possible terminal ve- 
locities in the time Intervals specified; this situation arises not 
from any failure of ^q D.l but rather because locally u^ is reduced 
by dust that the air has alreaoy parsed through. 
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TABLE D.2 — Hats ksquired for Sbootfa Spheres to Reach VariouB 
Fractlonj of the Air Velocity (fron Stoke's Equation) 

Partible 
dlaaeter "fc 

0.1 0.3 TT 0.' ^2. 
10 

-4 

10 -3 

10 -2 

0.77xl0*O8ec    2.6ja0"Osec    5.i>cl0*O8ec    ö.8xl0"O8ec    lTxl0*6aec 

Same except that the exponent of 10 is -4 

Baae except that the exponent of 10 is -2 

Specific grarlty jf the sphere (5): 2.5 /- 
Air viscosity (77) at T - UO^C: 190 x 10'    poise 

'tie may now examine the behavior of a mixture of air and dust upon 
encountering an obstacle,  for example,  a ga^e.    This problem is ojt a 
simple one,  and no analytical solution has been found as yet.    If there 
were no dust,  the problem would be relatively simple and is treated in 
texts on fluid dynaaics.j^'j /    Pbr air alone the dynamic pressure, 
being the difference between the pressure at a sta^iatlon point and 
that in free flow, would be q - iiau| if we neglect the correction for 
the Mach number of the flow. 

Fbr dust particles of two comparatively extreme sizes the problem 
is also a simple one.    If dust particles are of nearly molecular sixe, 
they behave in the SSBS way as air and we may consider the density as 
that of the air au^ented by that of the dust.    If, on the other hand, 
dust particles are extremely large, we may neglect the effect of drag 
forces and the problem reduces to one of mechanics.     Actual sizes of 
most dust particles are somewhere between tiiei»e extremes, however. 

Tor these intermediate particle sizes an upproxLsate calculation 
has been made,  too lengthy tor inclusion nere, which indicates that 
nearly all the dust mass moving toward an obstacle th'  size of a ga^e 
face does strike it,  at least under the experimental conditions used 
here.    Till* assumption may then be used to predict the response of the 
Rutlshauser gage to dust.    When dust pa'tlcles are stopped by the dia- 
phra^,   the dust increases the apparent dynamic pressure by o^v^j,  where 
p^ is the dust density* -nd u^ is the dust velocity.     If the particles 
rebound,  and if drag forces are neglected, we would expect the contri- 
bution from the dynamic pressure of the dust to be greater than O4U4 
when the mean free path of the rebounding particles is of the order of 
or greater than the dimensions of the gage face (or obstacle).    If, on 
the other band,  the mean free path of the particles is small coorpaied 

* Iv dust density is meant 20t the density of individual ^articles but 
the density of the durt 1* manfladad in air. 



vlth the dloemloni of the obstecle, the rebounding particles cause 
families of collisions which reduce tne momentum of the oncoming dust 
by that of the re'oounding particles and the dynanlc pressure would 
still be about P^u^* 

Before discussing the experimental results it might be veil to 
discuss the theoretical aspects of methods used for their evaluation, 
A fairly exact method would be to apply the principle of conservation 
of monentum since the loss in mnoentm for the clean and dust-laden 
shocks (»hould be about equal« Unfortunately, however, it is difficult 
to evaluate the momentum of the dust-laden shock wave from the pressure- 
time records obtained, and admittedly more approximate methods must 
be used to analyte the data« 

Some typical records (Pig. D.3) for clean and dust-laden shocks 
reveal that once the pulse which contains most of the dust has passed, 
the side-on pressure curve for the dust-laden shock differs little 
from that for the clean shock wave. Ibis observation suggests that 
experimental results could be evaluated on the basis of their dynmnlc 
impulses, where dynamic impulse is defined as the integral of the dy- 
namic pressure over time« For the dust-laden shock the dynamic im- 
pulse, I1, would be 

*/ 

• to 
p u  dt ♦ n 

/ v*4t 
(D.2) 

i • '2 
since i Pftum is the dynasic pressure of the air« Here pj is the air 
density and u4 the air velocity for the dust-laden shock while p^ and 
114 are dust density sod velocity] n is the registering coefficient for 
dust« Time, t, is taken to be aero wh*a the dust pulse arrives at the 
gage, and x is an interval long enough to allow all the dust to pass 
the gage« When there is no dust, the dynsRio impulse, I, for the sare 
tiae interval is 

if'A" (D.3) 

«here p    is the air density and uA the air velocity« 
Lst us now consider the difference between these dynmlc impulses: 

AI - !• - I 
S-f ******** I fo u2 %pa a - p^2) dt«      (D«4) 

from the pressure records we know that the integrand of the second 
term is of significant magnitude only during the passage of the dust 
pulse, 46« further spproxlmation is possible in taking into account 
that the air density for the dust-laden shock is less than but nearlj 
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equAl to that for the clean ohock,    V'e may then write: 

1 : M/tpdUd dt - -    pa (ua At -/    Ua2 dt) (D-5) 

tine« ua if A conttant auring the interval ^t.    Because the acceler- 
ation tls« of the dust particles is short md most of the dust is car- 
ried with the dust pulse, we approximate the last Integral as Oj at, 
where 14 is the average velocity of the dust at U*e gage.    The actual 
value of the integral should be greater than this, so two of the sia- 
plifying assuoptions have a tendencv to cancel each other. 

The first tern Is easily recognisable as being equal to n a^'^, 
where m^ is the mass of dust per unit area.    Thus we arrive at the 
expression 

I * n B.CL - * 0 At (u*" d d      "a      N a (D.6) 

Note that n decreases mono tonic ally as 114 increases. This work- 
ing expression is useful because AI and At are determined experl- 
aentally and D^J is known, as are ua and oa. Certain reasonable limit« 
may be specified for üg. or it may be calculated if n is assumed to 
be one for the Rutishauser data. 

Experimental results may also be evaluated by comparing peak dy- 
namic pressures observed for clean ani dust-laden shock waves. Their 
ratio, y, is 

ü 2 o 

i ou2 
(0.7) 

Here the variables for the dust-laden ohock wave are evaluated 
at the maxima dynamic pressure; note that we need to know p^, ua, p^ 
U4 to evaluate n; y may be determined experimentally, and ß^ and ua 

have been calculated (Table D.l). 

D.j    ANALYSIS CF gCPgRDgyTU RESULTS 

It is perhaps to the point to begin this discussion with a quali- 
tative susnatlon of the results as exemplified in some typical records 
(Fig. D.j) from the Wlancko and Rutishauser gages under various experi- 
mental conditions.    All differential pressure records begin at the 
time the air disturbance arrives at the gage,    letter designations in 
the text indicate appropriate wavefoms in fig. D.j« 

When there is no dust on the screen the wavefora observed by the 
side-on gage (A and E) is little different from that when no screen 
is used although overpressures are reduced soaew:^t.    But waao dust is 
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placed on the screen (all except A and E), the waveform it altered 
considerably; the pressure front is rounded, and in some instances 
a small shock is noted in the negative phase for the weaker shock (C). 

Head-on gage records taken with and without the screen in place 
were quite similar except for some irregular increases* near the end 
of the positive phase when no screen was used. Head-on records when 
the screen is dust-loaded (all except A and £) show a rounding of the 
pressure front similar to that in the records from the side-on gages. 
A rise caused by the first dust striking the gage occurs 2-3 msec after 
the first air disturbance, and the dust continues to register as an 
irregularity for several milliseconds. 

Differential records taken with no dust on the screen indicate a 
nearly constant pressure during passage of the positive phase (A and 
£). When the screen is loaded with dust, these records show little 
displacvnent until axrival of the dust at the gage (all except A and 
S). The dust is registered as a sharp rise, the pattern varying sone* 
what fron run to run; in general the dynamic pressure remains at a 
high level for about 3 msec for heavy dust loads and 2 msec for lighter 
loads, then drops to a level somewhat greater than would be expected 
for air alone. 

Differential records from the Wiancko and Rutishauser gages under 
conditions of strong shocks sad heavy loads (B sod F) differ somewhat 
in their manner of oecay from tlie peak value; for light loads the wave- 
forms are similar (C, D, F, and G) and follow the pattern of the 
Rrtishsuser gage for heavy loads, ie, a plateau-type decay. 

Wiancko gages in the side-on position show a slight increase with 
time in overpressure for the positive phase (A) whereas the Rutishauser 
gage in Ue corrssponding position shows a constant overpressurs (E) 
as does Urn Beta gage. 

lbs Futishauser gage in the head-on position shows a sliriit de- 
crease in overpressure after the were front strikes the gage (E). 
Fortunately this effect disappears before the dust pulse arrivea. 

So differences in delay time between arrival of the air and dust 
disturbances are noted for fine sand and pumice (B and D). tterefbrm* 
are similar although the duration of the dust pulse is somewhat longer 
and the dynamic prsssure somewhat lower for pumice (D and 0). fbr 
both heavy and light loads of p\mic« a plateau is observed behind the 
dust pulse (D). 

Data from all runs are presented in Table D.3- While most of 
these are taken from the dynamic pressure records, the time interval 
between arrival of the air disturbance and arrival of the first dust 
was determined from the records of the heed-on gage. Dynamic impulse 
w«s obtained by examining the interval between arrival of the dust 
pulse end arrival of the rarefaction ware from the open end of the 
shock tube. This interval was chosen to ensure including all the dust 
and to exclude complications introduced by the rarefaction. The dy- 
namic isqpulte of the clean shock wave was measured for a corresponding 
interval. 

* Ceuaed by cellophane shards from the ruptured diaphrapi. 
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TABLE D.3 — SuBttAry of bcperiaent&l Data 

Paak 
Initial» Load par dynamic Dynamic 

lovtrpreaiur« 
i      **** 

unit art* prtaaura Delay impulse 
(P»l) g»Ä« (Ptl) (mtec) (pel-sec) 

IND DITST 
11       T.O Wlancko - 1.1 • 0.0097 
il       T.O WUncko 

*■ 

1.1 • 0.0106 
li      T.o Wlnncko i 1.2 - 0.011T     ' 
|       T.O Rutlahauter - 1.7 j 1   0.01TO 
I       T.O 1 Ruttshauier - 1.9 - 0.0160 

3.8 Wlancko - .2 - 0.0029 

S10? 
J7.0 Wlancko 0.0T0 U.6 2 i   0.0200 

i      T.O •Vloncko 0.06U 3.3 2 0.0198 
[       T.O Wlincko 0.038 2.7 2 0.0133 
1       T.O Wlancko 0.035 3.3 2 0.0161    ! 
1       T.O Rutlshauter O.O65 5.0 2 0.0280 
|i        T.O RutUhauser   j Ü.065 M 2 0.0258 
1       T.O Rutlshausar O.O^T u.u 2 0.0210 

3-8 Wlancko O.OTO 1.1 3 0.006^ 
3.8           1 Wlancko O.C35 1.1     1 3 0.0CAÖ 

RJKICK 
T.O Wlancko 0.070     i 3.0 2         | 0.0167 

\       T.O Wlancko C.038    | 3.0    ! 2          I 0.0157 
3.8 Wlancko 

 i 
0.035     j 1.1 3 0.0058    ! 

* Btfor» shock vare reachad acraan 

In general, peak dynamic preaauraa »saaured by tha Rutlshauaar 
ga«e vara higher than those ■aaaurad by tha Wlancko ga^a under tha 
SSM conditions. Coaparlaon of dynamic pressures aiaaursd In tha 
clean shock vlth those computed from theory Indicates that tha readings 
of the Rutlshauser gage vara too high, probably aa a result of inade- 
quate calibration. If It la assumed that tha e.-ror la one of non- 
llnearlty but that tha taro trace la correct, tha theonttlcal dynsmlc 
pressure may be uaad aa a standard to correct« tha average paak prea- 
eura darlred from tha Rutlshauaer data, aa vaa dona in Table D.W. 
After this correction vaa made, tha peak dynamic preseurss read by tha 
Wlancko gage «are tha higher. In rlew of tha correction required, 

v KtSDSS of tha ftutishsyaar gage vara multiplied by a factor of 
1.1/1.8 «bare 1.1 la tha thaorttlcal value and 1.8 tha areraga dy- 
nsmio pressure obaarrad by tha Rutishauaer gage «ten no duat vaa 
present. 

100 msm 
^ 



howerer. the •lgnlflc«nc« of tne trend la queitlonmble.    Tb« correc- 
tion MBM not Bad« to the data on iopulae,  for to do ao vould lead to 
««probable reaulta.    In the  ftiture It will be advlaabla to uaa a cali- 
bration procedure that will ellalnate auch arrora. 

TABLS D.U -- Averag« P»ak pynanlc Preaaurea for Strong Shocks and Sia 

Average dynamic p^aaure (pal) 
Wlancko KutlahAuaer 

Ho duat 
Heavy load 
Light load 

1.1 
3.9 
J.O 

1.1 
3.0 
2.7 

The arera«e velocity of the first duat tratelli« between screen 
and gage may easily be calculated.    Obaenred delays between the ar- 
rival of the air and dust disturbances were 2 asec for strong shocks 
and j asec for weak onee.    About O.o aaec should be required for the 
air dlaturbance to travel thla distance.    Therefore the average ve- 
locity of the flrat duat la 2tO fpa fbr the atrong ahock and 1^0 fpa 
for the weak ahockf  In both Instances about 80 per cent of the Initial 
material velocity of the shock wave.    Bowever,  the actual velocity of 
the first dust at the gage position ahould be higher than thla alnce 
the dust starts fro« rest.    Noreover,  It Is not surprising that the 
delay tlaea fbr pumice and aand are the aaae a lace the acceleration 
tlmee fbr the finer pmrtlclea of either material are smaller than the 
time required fbr the duat to move from scree« to gage. 

Raving aome Idea of the velocity of the dust, we may apply Bq D.6 
to estimate the range of n under experimental conditions.    Tbm mail- 
mm posslbls value of ^ may be specified as ua,  the material velocity 
behind the shock front; we can therefore calculate a mlnlia value of 
n.    Setting a lower value of average duat velocity at the gage la more 
arMtrery*    Since the average velocity of the first dust between screen 
and gr/e la approximately 0.8 u^, we have assigned a mlalmsa value of 
0.7 »4 fbr the average dust velocity at the gage with some confidence 
since the dust behind the first dust Is accelerated for a longer time. 
tfK may use this value to calculate an approximate m**Umm value of n. 
the matlsiM and mlnlmts values of n In Table D.5 have been calculated 
fbr theee limits of average duat velocity, ualng duat-pulae durations, 
At, of 3 msec fbr heavy loads and 2 maec for light loeds.    Mote that 
maTimiM vaiuea or a are about one or greater and minima values one 
or lass. 

This analysis may be extended by assuming n to be about one for 
the Rutlshsuser gage.    This assumption Is justified If we can ahoe 
that the mean free path of the dost Is small compared with the dimen- 
sions of the gage face.    Since most of the dust is in the dust pulse, 
the dust density should be about n^/u^t.    ^>r heavy loeds of fine 
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■ and th* denilty vould b« gr»at«r than 2.5 i« csi*^ ilBc« u^ cannot b« 
great«r than u*.    Aceoniinglor UM Man frta patb («pproxlmatalor rd/^d) 
for th« awra«« partlcla radiua (2.5 mieiona) vould b« !#•• than 0.035 
Inch at coaparad with a radlua of 0.375 loch for U* faca of tha Rutü- 
hauaar gaga.    Calculationa for tba light load la«! to a aimilar nault, 
TUMB tha aaan frta path la abort anough to aatlafy th« limiting con- 
dltlona.    T^a calculatad danalty la that of th« frM-atraM duat; th« 
actual duat dtnalty In front of th« gag« ahould b« graatar bac'ua« of 
■tagnation affacta.    Actually It la probably •till grtat «ou       aftar 
tha duat pulaa haa paaaad that Uggtag duat partlclaa aia*        • a rag- 
latarlng coafflciant of about ocw. 

Ualng th« Rutlahauaar data and aaaualng that n • 1, wa My cal- 
culate tha approxlmat« ralu« of ^ ttxm Iq D.6, which araragaa 266 fpa 
or 0.61 ua for a atrong ahock loaded vlth aaad.    But eLica tha ararag« 
velocity of th« flrat duat fa about 0.6 u^ for both atnong and weak 
•hocka, we My MauM a alüilar relation for tha weak ahock.    Simi- 
larly M aaevae that C^ • 0.6l um for pumice with the reaerratlon that 
the largeat partlclea My not be Included.    With these value» of u* 
we ««y now UM tq J.6 to approximate n for th« Vlaccko gag« (Table 
D.5): th« average VM about one, the ataadard deviation being 0.3. 
Deviation« appeared to be about random except than a waa greater than 
OM for heavy loada of aand and strong ahocka and IM» than ooe for 
weak ahocka loaded with aand. 

3? making additional MSuaptloM v« could uae Iq 0.7 to evaluate 
n.    Rather than ualng th« axpreealon directly, let u« take th« Infor- 
aatlon from the prior analyeia and uae It M a cheek fine« tha peak 
duat denaltie» ahould be about the eoa« for the HutlahauMr and Wlancko 
gagee.    If we UM the taM MaiaptioM that «ere male for the dyaaalc 
ImpulM analyeia and evaluate n M one for the Kutlahauaer data, n for 
the tflancko gage averagee 1.% for heavy load« of aand and 1.2 for light 
load« when a strong ahock la used.    tLo« while the dynamic iapulM mid 
peak dynsmlo pressure method« of evaluating a are la approximate agree- 
Mat,  the second method glvM ecnewhat higher valuea of a for th« 
Wlanoko gage. 

The high values of a for th« Vlaacko gage when uaed with strong 
shocks and heavy Loads of aand asy be aaaooiated with th« dlacrepaaey 
la shapes of the dynaalc prsaeurs eurraa.    A poeslble eipl«nation la 
that duat trappad In th« gag« during th« dust pule« lapedee peleaae 
of preeeure froa the sensing elaasat and rtsults la «a apparent la- 
ereaae in registering coefficient.    Iveo If euch a relaxation effect 
exists, however,  it should be of little coMequaace la field work ua- 
leaa the gage la eoapletely plugged, for there the duct pulse would 
be auch longer and co^ld be regarded M nearly a steedy-state flow. 
ft>r field MaeuraMBt«, then, the ourrent best tstimaU for the ViMeto 

la that n - 1 ft>r the types of duet uaed for this «xperlaeat. 
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TABLE D.5 "- Suam^ry of D>manlc Inpulse Calculation« 

1     Shock 
pverpressur** 
[     (r.i) 1VP« AI 1 Dust   l.r-ul n     t n       t n1 

g**« (rsi-s^c) l(^r/?) n [   max | nclo :    calc 

Resulti for fi ne Sl(>) 

|         ".0 VlAncko 0.C093 O.O'-O 1   l.U 0.9 1.2    1 
".0 Wlancko c.x^i O.Dt3 1.6 0.9 1.3 

III      7.0 Wliuicko 0.0C26 0.038 1  0.9 O.U or 
7.0 Vlancko O.OC^U 0.035 1." 1.0 l.U 
".0 PutUhauser o.^u? 0.065 l.U 0.1 1.2 
".0 Rutlthauter 0.0093 0.065 1.2 0.7 1.0 
7.0 Sutithauser ö.0C^5 0.0»*7 1,1 O.c 0.9 
3.8 Wlancko 0.0035 0.0^0 0.9 0.5 0.7 
3.8 Wlancko 0.0C19 o.oje 0.? 0.5 0.7   | 

Retultt for pu »Ice 

1         ''•0 Wlancko O.OOcO 0.0-0 1.0 O.vS 0.8   |l 
7.0 Uancko o.oc^o 0.038 1.5 0.8 1.2 i 
3.8 «Jlancko 0,0029 0.03^ l.U 0.9 1.1  li 

•Crerpreteur» before itrlklng icreen;  'CalcrüntM en baa It that 
Gd/ut • 0.T;  ^Calculated on baala that ^u^ • 1.0;   »Calculated en 
baala that u^/u^ • 0.8l 

D.U    00!fCII^IC!fS AÜD PmC fOW FVymEF RESEARCH 

While thlt experlaent ha* «Iven conalderable insight Into the r«- 
aponae of the Wlancko and Rutlahauaer ga«ea to duat-laden aheck vavea. 
aoat of the ronclualona uuat be rtgarded aa tentative In the light of 
the CQaqparatlrely fev «eaaurencnta to date. Hcweror, it may be atated 
with certainty that auapended duat do^^ affect dynamic preaaurea aeaa- 
ured by the ga^ei. A probable expreaalon for the dynanlc preaaur« 
■eaaured la 

Dynamic preaeure • j 0 u    ♦ **&*& 

vhere oa and p^ are the air and duat dene It lea anl ua and u^ their ve- 
locltlea.    fbr the Rutlahauaer gafe n ahould be about one provided the 
reatrlctiona outlined earlier are aatlafled.    Thia experlaent haa in- 
dicated that n it aleo about one for the Wlancko gafe (atandard de- 
viation 0.3).    Becauae of the limited tcope of the experiment to dAte 
thit laat conclualon appllea only to duat particlet having apeclfic   • 
gravltlea of approximately 2.5 and diametere ran^inf from 1 to 100 



nicroru.    Th«r« la SOIM quoit ion rtgardliif iU «ppllcablUty to th« 
largtat and •aallcat p*rticli/a of this r«iif«. 

Caution la nacaaaauy in ualoc total dornaaiic preaauraa aaaaurad 
by an inatruaent auch aa the pltot-atatlc gag« lo calculate forcta on 
an obatacla alnce no dlatlnctlon can ba sad« batwan tha contributiona 
of air and duat.    At baat auch Ma^uraawnta can ba regarded aa an In- 
dex of th« dynamic preaaura at tha forward atmgnatlon point on an ob* 
atacl« of alt« aUllar to that of th« pltot-atatlc ga««.    Th« relation 
between drag forcea and dynamic preaaur«a la dlacuaaed nor« fully In 
Chapter 1.    If ua«d to ne&aure preaaura dlatrlbutlon, th« tflanckn gag« 
would provide aatlafactory Baaauraawnta of th« forcea on an obatacl« 
in tha path of a duat-laden ahock wave provided th« duat denalty war« 
auch that the mean free path of tha duat partlclea waa ajaall compared 
with Ui« dlaenalona of tha obatacla. 

Two aaiuaptlona mad« In thla analyala are open to question and 
izy be clarified only by further experimental and theoretical raaearch. 
nret,  In tha light of llmitmtlona dlacuaaed h^ra, it doea not aeem 
Juatlflable to aaauaa that th« reglatarlng coefficient of duat la In- 
dependent of duat denalty,  particularly for th« Rutlahmuaar g'-Aga. 
Clofely related la the tacit aaaumptlon that tdr and duat reglater 
independently at th« gag«, which U clearly Juatlfi«d only if th« 
change In duat velocity la asall in th« flow pattern about th« gag«. 
Thla condition .a probably mat by pmrtlclaa Imrgar than ten micron« 
In diameter.    Further irrreatlgation of th« duat-air interaction la in 
prcgreaa. 

Anawert to these and other more g«nerml quaationa of imm«dlat« 
practical algnlflcanc« could b« prorided by oootiailag th«a« l&borm- 
tory teau and increaalog their «cop«.    Curr«otly ^laonad extmnalooa 
of th« program include 

1. Nora extenalT« shock-tub« studlee of th« reaponaee of 
th« gagea to a rarlety of duat typ««, ahock atrengtha, 
and screen-gage dlataocaa. 

2. Studlee of th« interaction of duat with th« ahock ware, 
including diffaraot method« of Introducing duat into 
th« ahock war«. 

3. Investigating tha affect of duat-air mixturaa on ob- 
stacles;  thla problem would aeem at present to be more 
easily attacked from th« theoretical point of view, 
but some experimeatal work mmy be done. 

k.    Application of UM re«ulta of the«« atudiea to deter- 
mine tbe effecta of duat in ouola«r «xploalona. 
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APPENDIX E 

oyj^Mic PRiSGURES rr DUST-LADSN SHOCKS 

Soce t>ieoreticaI relations fcr dust-laden •hock wave« are derived 
here, and dyr.aaic preasures cocputed therefrcn are coopared with those 
aeasured ty this project (Ch l). An outline of the derivation of the 
shock relations for clean air is followed by an analogous derivation 
fcr dust-laden air. Proa these derived relations and the knowledge of 
hoi/ dust is registered tjy the gages are computed the 'theoretir^ <ty- 
caoic pressures used in this conparison. 

E,l SHOCK RSUTIONS PCR CLEA^ AIR 

As pointed out in Ch 1, the conservation lavs for aass, oaoentua, 
and crergy at the shock front can be derived by assuming either (l) 
that the shock front is a discontinuity (of infiniteslnal thickness) 
and not necessarily a case of steady flow or (2) that it is a condition 
of steady-state flow and not necessarily of iofinitesiaal thictaess. 
The use to which we have put the shock relations here led us to choose 
the latter assi^ption. The conservation lavs asy be stated as 

p U - o (U - u) 
o 

Msss 

P^Uu « P - P 
o       o 

PV - P V 
i (P > ?0KvQ - v) . -^-f* 

NoDectun 

Energy 

where p is the air density, U the shock velocity, u the particle veloc- 
pressure, V the specific VOIIäB (V • l/p), and y 

o of specific heat at constant pressure to that at constant 
• The subscript o denotes aabient (preshock) coodltioos. The 
is presvaaed to aove into still air. Praa tbese coosenrmtioa la^s 

ity, P the absolute 
the rat 
voliae. 
shock 
the RanLlne-Hugoniot shock relations are obtainrd: 

c 
o mmm J (S-l) 

4 

I 



.11» k- [-w- (S.2) 

c r +. 
and 

(B.3) 

(B.U) 

where c is ti» velocity of touad (c   ■   7?/Q), ( • (^P ♦?)/?, 
n«o /o  > *nd n - (7 ♦ l)/(7 - 1).   AIJO of intarett It th8 eafcrcr« ^, 
gained Dy that oass In a unit VOIUM of the shocked aedlui in p—»iflg 
through the shock front, 

B. ipU
2
+        y  _g 0    p . P(^ -1) (1.5) 

ty conhinlng Sqs £.1 and 2.U ve obtain the relation for dynamic pres- 
sure: 

«-ipu2-iP0 ^T7«-i)S (1.6) 

For a ( less than about 8, 7 for air it essentially conetant sad e^ual 
to 1,1*. Substituting in Si S.6 gives 

»-•"o^. (».7) 

or in teras of AP, 

o 

S.2    SHDCJC REUna'O fCR MT-IAIEJ! AIR 

(B.8) 

Derivatioc of these shook relations is based on the assunptioos 
that (l) each dust particle always has the ssae velocity as the suri 
rounding air, (2) air and dust tsa^eratures are also the ssae, and (3) 
the space occx^ied ly the dust particles is so «all cohered vith the 
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voluae of air in vhicn  they are dispersed that the ideal gr-s lavs still 
apply to the air ccoponent, that is Vair + (luBt « W/^ij. . Again we 
choose to think of applying these relations to the case of eteady flow 
aud therefore to shock fronts of finite thickness. Consequently the 
assumption regarding velocity equilibrium sea's reasonable in the light 
or calculations in Appendix D indicating that the time taken for small 
particles to .reach velocity equilibrium is approximately 1 msec. UUre- 
vise PorzelS/ has shown that the time taken for dust particles of the 
order of 1 micron in diameter to reach thermal aquiiibrium is of the 
order of 1 msec. Since the specific gravity of dust particles is about 
3 g cm"3 HB  compared with a density of about 0.001 g CB*3 for air, the 
space occupied by the dust is small compared with the volume of air it 
is dispersed in even though the dust dersity* is 10 to 20 times that of 
air. . 

For dust-laden air the conservation laws' are 

(1 ♦ bjo^U1 - (1 ♦ b) ^(U» - u») Mass (B.9) 

(1 ♦ b) p^U'u» - P* - PJ 

KP
1
 ♦ ty(V  • V) 

piyl . ptyl 
o o 

7 - 1 

Momentum  (K.10) 

♦ bh(V  - r) Energy   (K.ll) 

where b is the ratio of dust oensity to air density, h is the specific 
heat of the dust, T is the absolute temperature, p* is the mass of air 
per unit roliaw, and ?' ■ l/p'* Primes are used here to distinguish 
parsm^ters for dust-laden shocks from those for shocks in clean air. 
from these conservation laws the following shock relations are ob- 
tained: 

^•«'-^ [yV^'Vi)(i . b)] '     ^ 

y  [/(/i'lKi ; b)J ' («.13) 

#Nass of dust per unit volu 
individual dust particles. 

t 

and not the specific grsrity of the 

This treatment is due to fenel- ?/ 



vim mmmm 

and 

vlwrt 

and 

o 

7  {' ♦ t»' 

1^(7-1) ' 

t   y ♦ 1      2bh 

(s.i^) 

(B,15) 

Tb« «MFfir, V,  gained by that aas« contained in a unit rohmm of 
tha aboekad aadlun in paaaing through tha ahock front ia 

^p-«'2 ♦ p^T'- T^) - P1^1- 1)   (B.16) 

vbara tha firat taro on the right ia the kinetic energy per unit 
▼oli»a in the shocked eediua and the aecond and third tezma are the 
incraaaaa in internal energy per unit roluae for air and duat, raapeo- 
tirely, 3ubatitutlon froa Eqa 1.9, K.10, and 1.11 redueea theae ex- 
praaaiona to the aimpler torn. 

The expraaaion for the dywaaie praaaura of the air component alone 
ia alBilar to Bq S.6: 

< • i o'*'2 - r (i.W^1) «' -1)2 •     (,-1T) 

CxperlBanta indicate (Appendix D) that the pltot-atatic gage reaponda 
to any duat present aa Ip^uJ vhera pÄ and u^ are the density and par- 
ticle Tsloolty of the dust) oooaaq>iently the total apparent d/naaio 
praaaura ia 
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V - io'u'2 ♦ P.u2 
d d 

io^»2 (1 ♦ 2b). (K.X8) 

Th«Q th« ratio of q for a duBt-Ud«n shock vavt of »trength (• to that 
for * »hock in cl««ii air of •trangtli ( it 

or 

y-{l*2b) i.(i4 2b)£X., 

'■(^(^(frin^V) 

(«.19) 

.  (1.20) 

Lit MM nov digi«at fron our diteutsloa of dynamic prtMura long 
•Qoufh to •tmdsm tba «ffaot of duat lo^lin« on shock «trmiith (or 
ortrprtasurt).    Panal*» aais inurttt in hit trtatatnt of duat-Itdan 
thocktS/ vat to obtain a rtiation batvaan tha ttrtngtha of tba tana 
thock in olatn tod dutt-ladan air, iay batvaan C «od ('3 to do to ha 
•«juatad tha axoaat antrgiat par unit tolia* (t • S*) bahlrA tba ataoek 
f^Diit in aaeh inttaaoa, thuti 

fbr thocka ■orinf from olaan Into daat-Iadaa air this rtlation glTta an 
tpprDxiaation of tha thoek ttrtnfth, ( % In dutty tir, taqr raflaetioc 
of aaaror that aig^t taka piaca in paaaaft frai elaao air to tha duttj 
■adiUM balng naglaotad. 

Out night inataad aquata tha aoargiat galnad by tha aatarlai in a 
unit voluat of tha atdiua ahaad of tha thook in patting through tba 
thock front in aaoh inataooa, i«, k/n - I'/V — or aitanaili ily, tba 
antrgy «aint par unit tiaa par unit araa of aatarlai paaalag thro^h 
tha fnwt, VOh • l'U*/^'.    UttulU obtainad uting tba flrtt of ^baa« 
tquatioot diffar only tli^xUy fro* tboaa obtainad uaing 1« f .21, but 
rttuitt froi tha Utttr aquation taan intuitivaly unraaaoaabla In that 
{• aould ba graatar UMA ( . 

XT vt could aotuaUy ataaura |» (*, q^ aad q* für a tboak awra 
trartllag fron olaan into duat-ladaa air, It aould ba t^ropoa ba uaa 
•q K.2X to avaluata y in Bq 1.20 for ooapanaon with dyutala prtaaura 
imtloa darlrtd ftoa axparlawittlly aaaturad taluaa. Bowtfar, an ax- 
parlvaital obaek of tbaaa rtlatloaa la poatlbla that doaa tot dapaod 
on abating tba aioaaa toargiaa. If aa aat | « |v

9 Iq 1*20 pamlta 
ua <» pradlot tba ratio of q* fbr a dtayiaftaa tbook bo q in olaaa air 
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for th« SUM •hock ttrtn^th. Ihls ratio can then \* coaparad »1th UM 
ratio of th« dynamic prttture aaaaurtd In tba prtourtor to that ealeu- 
latad for claan air tram tha aaaaurad orarprtMura (ef Ch 1, Tabla 
1.11). 

If va tat C - (' In Iq Z.19,  va obtain 

(H?) (m) (^) •     <■•« 
Ihli ratio haa an uppar Unit that dapanOa only on { aa tha dust 
danslty baeoaas tncrtailn^Iy largtr, for 

Liny-2 Lt* 
b-i     »i-1 (1.23) 

Ibr a ( of 2 to 3 (tha ran^t eorarad by aatauTManta in tha pzaonraor) 
raluaa of y art piaaantad In Ihhla 1.1 far rarloua duat daaaltlaa. 

TABU 1.1 - Edrnnale Fraaturt Ration for fturloua 
Duat Danaitlaa and Shook atranctha 

c y 
b . 1 b.2 b.f b - 10 b - • 

2 1.90 2.26 2.67 2.90 3*20 

3 2.00 2>5 2.96 3.25 3.60 

Thaaa Talnaa of y ara to ba oca^aiad vith thoaa dataxsjnad 
tally (Tabla 1.11, Ch l). Ibr MaaaraMata on fiwta 10 aal 11 
ratio« could ba »aid to ba In iou«h fPtmmfc vlth thoaa oalaulatad 
«haa b - 0-5 axoapt fbr thoaa datanalnad froa aaaaoxaatata by 
OOlkO,   Bovarar, ratio« banad on aaaauxad Taluaa art in ftaaral 
«hat graatar than thoaa oalculatad oart. MMaorad q't froa gaft OQIM) 
tad froa tha two gaca« oa Obot 1 ara vich hlfbar than art pradlotad 
froa thia «lapla thtoxy. 

Slnoa thia thaory Inrolraa a traatatot of aoadltloaa at tht «hook 
front only, and tlnoa In tha prtouraor aaargy night ba aipaetad to faad 
Into ttM prtouraor froa tha highar-pxaaaoi« rtfloaa ahora It, (,-«llta- 
tlvalj it aight ba tntlolpatad that thia airlift ad ap^roaoh «ould flva 
lov prtdiotloaa. Ihara art tto othar poaalbla rttanna fbr thi« dia- 
ortpaney, bowrtr. It aqr ba that tha aaaanrtd q'a ara not acr.'aaa or 
that tha duat aotually rtgUtart vlth a ooafTlaiaat of aora than oat. 
Tb aadarttaad battar tha yiwawai obaarrtd, thaaa qatatioM «ill 

m 



to Ix» rvsolved.    An {in;ilysis of how much energy Is V^A Into the precui 
sor is  In order,  but  it  Is certfilnly beyotul  tin» s-'ope of the slinpllfled 
Approach used here. 

E.3   coNca^iori 

.An outline for the derivntlcn of shock relation« for dust-laden 
shock waves has been presented; the derivation is •inalc.'jous to that 
used for shock waves in cletn air.  -Uthcugh these relations apply 
only to the shock front and are subject to several limiting assump- 
tions, they may be used, with the assumption that dust registers as 
ioduä' t0 CAiculAtö dynamic pressures for given shock strengths and 
dust densities. When the theoretically calculated ratios of dynamic 
pressures for dust-laden shock waves to those for clean air were com- 
pared with the ratios measured on Operation UPSHOT*KNDTBOLE, it was 
found that soae of the measured ratios were In reasonable agreement 
with those calculated by assuming dust densities of the order of 0-3 
tlaes the air densities. On the other hand some of the measured 
ratios were much higher than could be predicted from thio simplified 
theory. Several possible contributory factors to this discrepancy are 
advanced: 

1. Energy fed Into the precursor from higher-pressure 
regions above could Increase the dynamic pressure 
behind the shock front. This energy feed alaost 
certainly takes place to SOBS degree, but how sig- 
nificant It is Is not known. 

2. The excessively high mtlcs meesured by several of 
the gages may be grossly In error. More measurements 
are needed to clarify this point. 

2 
3« lbs dust may register as nou , where n Is greater 

than 1. Rather elementary theoretical considerations 
of the mechanics of dust propagation would, however, 
lead to the feeling that it Is unlikely that dust 
register« with a coefficient appreciably grsäter than 
one except for very low dust densities or large par- 
ticle sites. 

mmm 
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.'alir. ATT«:  l^alaM' Baader Dt«l«laa 

Itatelatl Dif»r»ti« Barvie«,  CM BU«i,  T«n.  ;BMT4iat) 

:•* 

IM 

V3J 

;5«-lBa 

^•»   A«««.  Baaralarr a/ 3afaaaa, 
B,^, w»aatB«taa /). B.C. 

IM   B.*. BattaMl HUlltfT »ajraaaatatl«». 
MAfl, AK) TJ. t a W. »*» Tork. B.T. ATT«:  Ca» 
;. r. a«au 

>"   Olractar. «Wfi Bravo* twlaatla* Jr««. OS. to 
m.X».  r«at««aa, «aafel?«««« ». B.C. 

A*at.  far :t«U Dafaaaa. QBB. ««Mt^««« ». B.C. 
UK"    Araa« aMPrtc«« ^Uataw 9»f««y Bau«, a/a, 

KIUU4 T-7.   Jra^U/  t%l^\. MBMUgMi «9.  B.C. 
^B   :  WH   lit.  Aj«a« rar«M Blaff .alla«a. BarfaU U. 

Ta. ATT«:   BaaraiMT 
l-w-X^   : MiaitM >—»1. rt«M C^HM, *««•« PBWB B*»- 

• lal BiAlwi P»ao«a«. PO Ba MBO. ALk^wM<««*t >- 

in-lBk   Olaf, Ar«a« Tm*m BfMlal *m§tm rrao—«. DB *m 
MIO. «aakt^iaa U. l-C. 

l»Vlto    '  ir      • j Jawral. ruu Ci i      I. »f*a4 TaraM 
lfMUl «aam rr«>««,  IC Ma ?l.JO Al>a<warv. 
B«a HM.  ATT«:   TW*.   Tralrlag   ir** 

IBT-l«    Twtetaal rMTaraMta» Barrta«, Oa) Bt««>. T*». 
(BanlMal 

' CCMSMXO ACTTTTTtBB 

lf J-ir»    üB. A«MU «aarv CaMtaata». CLaaain«« T^aBalMl 
Uararr.  IBOV CMa«t«««l«B km., »aaBU^a« n. B.C. 
iTTBi  »a.   J. ■-  O Laarr {tm BM) 

LB»-lje    La« AUnaa BataMtna U>at««WT. *■! ul UBrarr. PB 
Bw  IMJ. Laa ALaMa. B. Has. AT»    Bai« BiBana 

;«*-^l0    B«aCl« ZmrfwrmXlm, .'UMin«« Bii'aaal Strtalaa. 
BaaBta BMa. AlBw^aa^a. t. mm.  AttB:  tenu 

tU-nJI   Bkt««Mlty r4 CalifaAla Ba«U«l«* UfcBWOf. M B« 
aoa.   Li-arMT«. Calif.  ATTB    IterftM««  Ml-rf 

3V)    »Hin  Bata »aattaa. MiB«l«ai laTirwttaa aar^la«. 
Oa« Bl4«a. TB«. 

riA-^n    Taafcalaa;  lattmmWm aama«.  to« BU«>. T«M. 
(«WBU«) 

x«P» 
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Defense Special Weapons Agency
6801 Telegraph Road

Alexandria. Virginia 22310-3398

OPSSI

MEMORANDUM FOR DISTRIBUTION

SUBJECT: Declassification Review of Operation UPSHOT-KNOTHOLE Test Repons

MAY 8 1998

The following 90 reports concerning the atmospheric nuclear tests conducted
during Operation UPSHOT-KNOTHOLE in 1953 have been declassified and cleared for
open publication/public release:

WT-702, WT-703, WT-705, WT-709 thru WT-711, WT-713 thru
WT-719, WT-721 thru WT-742, WT-744 thru WT-746, WT-749 thru WT-755, WT-757
thru WT-761, WT-763, WT-764, WT-766 thru WT-781, WT-784 thru WT-787,

WT-789, WT-790, WT-792 thru WT-796, WT-798, WT-801, WT-805, WT-808, WT-
809, WT-811, WT-812.WT-814, WT-817, WT-820, and WT-822

An additional 6 WTs from UPSHOT-KNOTHOLE have been re-issued with

deletions and are identified with an "EX" after the WT number. These reissued versions

are unclassified and approved for open publication. They are:

WT-743. WT-747, WT-802, WT-810, WT-825, and WT-82S

This memorandum supersedes the Defense Special Weapons Agency, OPSSI
memorandum same subject dated June 11, 1997 and may be cited as the authority to
declassify copies of any of the reports listed in the first paragraph above.

DISTRIBUTION

See Attached

3M**
RITA M METRO

Chief, Information Security




